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1. Introduction

1.1. A brief account of the chemical shift

The chemical shift of a nucleus, i, in a molecule arises from the
nuclear shielding effect of an applied magnetic field, caused by an
induced magnetic field resulting from circulation of surrounding
electrons [1–6]. The magnitude of such an induced magnetic field
is proportional to the strength of the applied external magnetic
field B0, so that the effective field Beff at the nucleus is given as

Beff ¼ B0ð1� riÞ; ð1Þ

where ri is the second-rank nuclear shielding tensor and 1 is the unit
matrix. In normal NMR experiments B0 is a uniform field along the z-
axis; therefore, ri = rizz. The resonance NMR frequency, mi, of a given
nucleus in a molecule is thus related to its gyromagnetic ratio, ci, as
given by:

mi ¼ ðci=2pÞB0ð1� riÞ: ð2Þ

The most commonly used isotropic chemical shift (ppm) di param-
eter is defined as the difference between the resonance frequency of
a nucleus of interest, mi, and that of a reference nucleus, mref [1–4,6]:

di ¼ 106ðmi � mref Þ=mref : ð3Þ

In normal NMR experiment B0 is uniform field along z. Only one
term survives so that mi = (ci/2p) B0(1 � rizz). In an isotropic, liquid
sample we can replace rizz by ri and di is a scalar quantity due to the
fast tumbling of molecules as shown below by an average parame-
ter, diso. In a solid or oriented samples (such as a liquid crystalline or
single crystalline sample), the chemical shift is not an isotropic
parameter but is a second-rank tensor. The components of the
anisotropic chemical shift tensor in these samples can be specified
by dij; where i, j = x, y or z in a reference frame fixed on the nucleus
in a molecule. A transformation of the shielding tensor to a frame of
reference defined by axes X, Y and Z [in the principal axis system
(PAS)] diagonalizes the matrix to give the three principal compo-
nents (dXX,dYY,dZZ). The isotropic average of the tensor is given by:

diso ¼
1
3
ðdXX þ dYY þ dZZÞ: ð4Þ
In the ‘‘Haeberlen notation”, each of the three principal components
is related to diso by [7,8]:

jdZZ � disojP jdXX � disojP jdYY � disoj; ð5Þ

where dZZ is the principal component farthest from the isotropic va-
lue, and dYY is the component closest to diso: the ordering of the
components can be either dZZ P dYY P dXX or dZZ 6 dYY 6 dXX,
depending on the chemical structure in question. Therefore, the ‘‘re-
duced anisotropy” is defined as

Dd ¼ dZZ �
1
2
ðdXX þ dYYÞ ð6Þ

or

d ¼ dZZ � diso: ð7Þ

These two definitions are related by:

Dd ¼ ð3=2Þd: ð8Þ

The shielding asymmetry g is defined as

g ¼ ðdYY � dXXÞ=d � 3ðdYY � dXXÞ=2Dd: ð9Þ

In the ‘‘Mehring notation”, the principal components, d11, d22 and
d33, are defined as [9],

d33 6 d22 6 d11: ð10Þ

Analogous to Eq. (4), the definition of an isotropic shielding is given as

diso ¼
1
3
ðd11 þ d22 þ d33Þ ð11Þ

but the relationships for anisotropy and asymmetry are more diffi-
cult to express than that under the Haeberlen convention, since
they depend on the position of r22 between r11 and r33 [7,9]. These
anisotropy/asymmetry conventions can be replaced by span (X)
and skew (j) parameter with the following definitions [7,10]:

X ¼ d11 � d33; ð12Þ
j ¼ 3ðd22 � disoÞ=X: ð13Þ

In the case of a symmetric nuclear site, however, those components
may be expressed relative to the symmetry axis, dk (d11) and its per-
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pendicular axes d\ (d22 and d33), with the chemical shielding (or shift)
anisotropy

Dd ¼ dk � d?: ð14Þ
The magnitude of the anisotropy Dd and the asymmetric parameter
g are also defined as

Dd ¼ d11 � ðd22 þ d33Þ=2 ð15Þ

and

g ¼ ðd22 � d33Þ=ðd11 � disoÞ: ð16Þ
Here, dk = d11 and d\ = (d22 + d33)/2.

Undoubtedly, the nomenclature based on the chemical shift
parameter dii is directly related to the chemical shift anisotropy
(CSA) which is one of the main topics discussed in this article. Nev-
ertheless, there are many previous papers utilizing shielding con-
stants ri’s, instead chemical shifts d’s. In such cases, it should be
bore in mind that Dd = �Dr and r33 P r22 P r11.

Isotropic chemical shifts of nuclei in different chemical groups
of a molecule, are usually available from a solution sample [1–6]
where there is motional averaging of the anisotropic shielding ten-
sor. They are undoubtedly one of the most important NMR param-
eters measured from high-resolution NMR experiments, besides
other parameters such as spin coupling constants and nuclear
relaxation times, for determining primary or secondary structures
of molecules, their dynamics, intermolecular interactions, etc. The
chemical shift anisotropy (CSA) is usually obtained from NMR
experiments on a solid or a liquid crystalline sample; the corre-
sponding isotropic chemical shifts can also be measured from solid
samples [11–15]. It should be mentioned that CSA is an important
source of spin–lattice (T1) and spin–spin (T2) relaxation at high
magnetic fields even for solution samples, although not affecting
the shapes of solution NMR spectral lines. The contribution of
the CSA to T2, and hence the width of the resonance increases with
magnetic field strength leading to broad, unresolved lines.

Under such circumstances, transverse relaxation-optimized
spectroscopy (TROSY) [16–20] can be utilized to record well-re-
solved spectra of large proteins or protein complexes with molec-
ular weight on the order of 100 kDa, with the advantage of an
attenuated T2 relaxation by mutual cancellation of dipole–dipole
coupling and CSA under the proton-coupled condition. For this
purpose, it is essential to have a prior knowledge of the magnitude
of the CSA values for nuclei under consideration to optimize the
condition for TROSY-type experiments. This has stimulated much
interest in evaluating the CSA values of nuclei in individual amino
acid residues of large globular proteins in aqueous solutions or mi-
celles. Determination of residue-specific 15N CSA for proteins in
solution is now feasible by careful evaluation of T1 and T2 values
at various external magnetic fields [21]. Such data are currently
available from the literature. It is emphasized here that we are
now in an era when solid-state and solution NMR approaches are
frequently utilized in the analyses of CSA parameters and their
applications for structural and dynamical studies of biomolecules.

It is therefore very important to gain insights into how and to
what extent the isotropic or anisotropic chemical shift of a nucleus
under consideration are related to molecular and electronic struc-
ture. The existence of conformation-dependent chemical shifts was
initially recognized for a variety of biological molecules by solid-
state NMR studies on polypeptides, polysaccharides, antibiotics
and so on [22–24] and later by a careful examination of a robust
database of chemical shifts available from multidimensional NMR
studies of globular proteins in aqueous solution [25–28]. Detailed
analyses of such data showed that these chemical shift parameters
are indispensable restraints for determining 3D structures of large
proteins with or without the usual NOE constraints. Chemical shift
anisotropies (CSAs) of individual nuclei were initially obtained by
solid-state NMR studies on single crystalline, static or slowly rotat-
ing samples. These CSA parameters for nuclei in challenging pro-
teins are now also available from samples using fast magic angle
spinning (MAS) experiments [29].

The values of isotropic and anisotropic chemical shift parame-
ters accumulated so far have been utilized to reveal either second-
ary or 3D structures of fibrous, membrane and globular proteins in
solid-state or aqueous solution-state [22–30]. Further, CSA param-
eters are essential to characterize atomic-level dynamics in the so-
lid-state, or to search for an optimal condition for obtaining TROSY
spectra on globular proteins of larger molecular weight, and also to
determine relaxation mechanisms in solution. In particular, the
chemical shifts are now utilized as a means to reveal 3D structures
of large globular proteins, in the absence of NOE constraints which
are difficult to obtain because of broad resonances with low signal-
to-noise ratio.

Because of the increasing interest in utilizing CSA parameters,
there has been a plethora of studies determining CSA values of nu-
clei in different types of samples. There are several excellent re-
view articles that deal with the topics of isotropic [22–28] and
anisotropic [29–39] chemical shifts. In this review, it is our inten-
tion to deal equally with these topics from both solid-state and
solution NMR studies based on the recent progress in the field,
especially dealing with these studies from a historical point of
view. Emphasis, however, is also made on how to reveal necessary
chemical and biological insights into a variety of biological mole-
cules, including peptides, proteins, lipids, etc. using isotropic or
anisotropic chemical shift data. However, we believe that our
treatment can also be extended to other areas of chemistry. In
the solid-state, unlike in solution, the chemical shielding experi-
enced by a nucleus depends on the direction of the applied mag-
netic field in the molecule frame. Therefore, the Hamiltonian for
the Zeeman interaction, HCSA, in the solid-state is given by:

HCSA ¼ cðh=2pÞ½B0x; B0y;B0z�
dxx dxy dxz

dyx dyy dyz

dzx dzy dzz

2
64

3
75

Ix

Iy

Iz

2
64

3
75: ð17Þ

Thus, the chemical shift tensor component dzz as stated above is re-
lated to components d11, d22 and d33 in the molecular principal axis
system (PAS) frame by,

dzz ¼ k2
1d11 þ k2

2d22 þ k2
3d33; ð18Þ

k1 ¼ cosasinb;

k2 ¼ sinasinb; ð19Þ
k3 ¼ cosb;

where a and b are the polar angles that the field B0 makes in the PAS
(X, Y and Z) molecular frame (Fig. 1a) for single crystals or oriented
samples [1,2]. An NMR signal from microcrystalline or powder sam-
ples arises from the sum of all possible contributions of a and b an-
gles (powder pattern), for either axially symmetric (left)
(d11 = d22 – d33) or (axially) asymmetric (right) (d11 – d22 – d33) as
illustrated in Fig. 2. The principal components of the CSA tensor
can be obtained from the peak at d22 as well as the two edges at
d11 and d33 of the powder pattern signal.

The chemical shift of an nucleus depends on its electronic and
molecular environment [2] and can be given in terms of various
contributions by the following equation.

r ¼ rd þ rp þ r0; ð20Þ
where rd is known as the diamagnetic term, rp the paramagnetic
term, and r0 is a term from neighbors which accounts for the mag-
netic anisotropy effect, polar effect, ring current effect, etc. Intrinsi-
cally, r is a tensor quantity, from a theoretical point of view, which
depends on its electronic and molecular environments [1,3,4,7]. In-
deed, by placing the nucleus of interest and the zero point of the
vector potential due to the external magnetic field at the origin,
the contributions to rd and rp are given by:



Fig. 1. (a) Euler angles which relate principal axis system (X, Y and Z) in a molecule and laboratory frame (x, y and z), in which z is taken along the direction of applied field. (b)
Sample is rotated with angular velocity of xr about an axis inclined at an angle of b to the applied field B0 at angles v1, v2 and v3 to the principal axes of r. Magic angle for
b = 54�440 .

Fig. 2. Powder pattern spectra for spin 1/2 nuclei. (a) axially asymmetric
(d11 – d22 – d33), (b) axially symmetric (d11 = d22 – d33). diso = (1/3)(d11 + d22d + d33).
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where a and b are subscripts labeling the Cartesian components (x,
y or z), l0 is the vacuum permeablity, e is the elementary charge and
m is the electron mass, rk is the position of the kth electron com-
pared to the nucleus of interest. Lk is the corresponding orbital
angular momentum operator, dab is the Kronecker delta function.
j0i and jni refer to the electronic ground and excited states of mol-
ecules with energies E0 and En, respectively.

The paramagnetic term in the case of a nucleus for 13C, 15N and
17O atoms having 2, 3 and 4 2p electrons considered here, in partic-
ular, is expressed as a function of excitation energy, bond order and
electron density according to the sum-over-states method in a
simple form as follows [40]

rp
ab ¼ �C

X
m;n

hr�3i2pðEm � EnÞ�1Qab; ð22Þ

where (Em � En) is the singlet–singlet excitation energy between the
nth occupied orbital and the mth unoccupied orbital, and Qab is a
factor including the bond order and the electron density. The quan-
tity hr�3i2p is the spatial dimension for a 2p electron, and C is the
coefficient incorporating the universal constants. The term rp

ab can
be evaluated by a variety of molecular orbital calculations, such
as semi-empirical, non-empirical, or ab initio MO methods. It should
be noted that a quantum chemical calculation gives all nine chem-
ical shielding tensor components of the CSA tensor. The isotropic
chemical shielding constant is obtained as an average of the magni-
tudes of the three principal components of the chemical shielding
tensor. The chemical shielding anisotropy, therefore, arises from
the distortion from symmetry of the distribution of electrons
around a nucleus in molecules in the presence of the applied mag-
netic field. Using these procedures, it is possible to calculate the
chemical shielding tensor components of a nucleus in a molecule
with any specified conformation.

As mentioned above, the CSA originates from a distortion from a
spherical distribution of 2p electrons around a nucleus. Each of the
three diagonal shielding tensor components is more sensitive to
structural changes such as torsion angle and hydrogen bonding
as compared to the average isotropic shielding constant. Also, the
directions of the principal axes of the shielding tensor depend on
the molecular structure. Therefore, the determination of the orien-
tation of the principal axes in the molecular frame gives us detailed
information about the molecular structure.

For atoms with 2p electrons such as 13C, 15N and 17O considered
in polypeptides and proteins, the relative chemical shift is predom-
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inantly contributed by rp and is little contributed by rd and r0.
Thus, it is very important to estimate rp values with good precision
for these nuclei. On the other hand, for a 1H nucleus the relative
chemical shift is more significantly determined by contributions
from rd and r0 as compared to rp. The rd can be easily estimated
from the calculated electron density. Using these procedures, one
can calculate the chemical shift tensor components of a nucleus
in a molecule with any specified conformation [41–54]. A negative
sign of the chemical shielding constant r indicates deshielding and
so shielding variations can be compared with the observed chem-
ical shift d where a positive sign denotes deshielding.

1.2. Determination of CSA values

Several approaches have been proposed to determine CSA ten-
sors: (1) static NMR measurements on a single crystal or an oriented
liquid crystalline sample, (2) simulations of static powder pattern
spectra obtained from polycrystalline samples, (3) analysis of spin-
ning sidebands in MAS spectra obtained under slow-spinning condi-
tions, (4) CSA recoupling procedures based on multidimensional,
fast-spinning MAS NMR. All six CSA parameters, including the three
principal values d11, d22 and d33 and three direction cosines specify-
ing the principal axis system, can be unambiguously determined by
performing NMR experiments on single crystals. Some of direction
cosines are also available from experimental measurements on
uniaxially oriented samples. Further, relative orientations of such
principal axes with respect to the 13C–15N bond axis can be also
determined from [13C, 15N]-doubly labeled polycrystalline samples.
In many cases, isotope enrichment by 13C, 15N and 17O nuclei is
essential in order to determine reliable and precise CSA parameters.

1.2.1. Single crystal or aligned samples
The experimental procedures to determine CSA values from sin-

gle crystals by a stepwise rotation of a sample holder attached to a
goniometer are well documented [9,31,55]. Static NMR signals
available from a single crystal in the laboratory frame as shown
in Eq. (17) should be converted into the principal values (Eq.
(18)) through transformations of coordinate frames: from labora-
tory frame ? goniometer frame ? crystal frame ? principal axis
frame. For this purpose, it is essential to have a prior knowledge
of the 3D structure of the molecule under consideration in the
crystal frame determined either by X-ray or neutron diffraction
study. The magnitudes of the principal values and direction cosines
can be determined by fitting the observed chemical shift frequen-
cies, obtained by stepwise rotation of the direction of a crystalline
sample relative to the applied magnetic field, to Eqs. (18) and (19).

Such analyses, however, can be more complicated for quadru-
polar nuclei such as 17O (spin number 5/2), since the central (1/
2 M �1/2) transition signal becomes broad by the second-order
perturbation by the very large quadrupolar interaction [11]. The
quadrupolar interaction (mQ) in addition to the chemical shift ten-
sor interaction (mCS) is expressed by:

mQ ¼ ðm2
q=6m0ÞðIðI þ 1Þ � 3=4ÞðAð/Þcos4 hþ Bð/Þcos2 h

þ Cð/ÞÞ; ð23Þ

where

mq ¼ 3e2qQ=½2Ið2I � 1Þh�; ð24Þ
Að/Þ ¼ �27=8� ð9=4Þgcos2/� ð3=8Þg2 cos2 2/; ð25Þ
Bð/Þ ¼ 30=8þ g2=2þ 2gcos2/þ ð3=4Þg2 cos2 2/; ð26Þ
Cð/Þ ¼ �3=8þ g2=3þ ð1=4Þgcos2/� ð3=8Þg2 cos2 2/; ð27Þ
gQ ¼ ðVXX � VYYÞ=VZZ ; 0 6 gQ 6 1: ð28Þ

Here, h and / are the polar and azimuthal angles, respectively, in the
principal axes of the electric field gradient tensor, e2qQ/h is the
quadrupolar coupling constant, and gQ is the asymmetry factor of
the electric field gradient defined by its principal components VXX,
VYY and VZZ. Recording 17O spectra at the highest magnetic field cur-
rently available is essential in order to minimize the relative contri-
butions of the quadrupolar interaction which is decreased at a
higher field, as seen from the m2

Q=m0 factor in Eq. (23). It is also
important to measure static spectra at several magnetic field
strengths, in order to determine the total eight parameters includ-
ing the quadrupolar coupling constant and asymmetry factor gQ.

Next, we are concerned with aligned samples. For example, ori-
entation-dependent 15N and 13C solid-state static NMR spectra of
[15N]- or [13C]-labeled silk fibroin fibers were observed when the
fiber axis was arranged at various angles between 0� and 90� rela-
tive to the external magnetic field direction [56,57]. A 1D spectrum
convoluted with 1H–15N dipolar coupling and 15N chemical shift
interactions has been obtained from a [15N]Gly–collagen fiber with
the fiber axis oriented parallel to the external magnetic field [58].
Orientation-dependent spectra of lipid bilayers are discussed be-
low in Section 4.3.2.

1.2.2. Static powder pattern spectra
While static solid-state NMR measurements from a high quality

single crystal are the best way of determining accurate CSA ten-
sors, obtaining single crystals is extremely difficult and sometimes
impossible for biological systems. In addition, a single crystal study
is very time-consuming in spite of some fast approaches to reduce
the number of experiments [59]. The three principal values alone,
however, are available from the analysis of the powder pattern
spectra (see Fig. 2). Following Eq. (19), the observed frequency of
spectral lines can be expressed in terms of Euler angles (a,b) which
relate the principal axes of the CSA tensor to the laboratory frame.
As a result, d11, d22 and d33 can be determined from the peak at d22

of the divergence of the line-shape function and two edges at d11

and d33 of the shoulder [9,31]. More accurately, these parameters
can be determined by line-shape analyses of the experimental
spectra based on a treatment by Bloembergen and Rowland [60];
discussions about the line-shape analysis can be found in the liter-
ature [9,15,31].

It is possible to determine the orientation of a 15N or 13C CSA
tensor in the molecular frame by measuring the correlated/convo-
luted chemical shift spectra with 13C–15N or 15N–1H dipolar inter-
actions. Several studies have reported 15N and 13C CSA tensors of
peptides and proteins selectively labeled with these isotopes
[61–64]. For example, the orientation of the 15N chemical shift ten-
sor relative to the molecular frame was determined from a poly-
crystalline L-[1-13C]alanyl-L-[15N]alanine sample using a 13C
chemical shift spectrum convoluted with the 13C–15N dipolar cou-
pling interaction. The reported angles are bCN = 106�, aCN = 5� and
bNH = �19�, aNH = 12� [65].

1.2.3. Spinning side-band analysis
The free induction decay from a spinning sample having inho-

mogeneous anisotropic interactions takes the form of a train of
rotational spin echoes. The Fourier transform of these rotational
spin echoes results in a spectrum with spinning side bands which
contain information concerning the CSA. Maricq and Waugh [66]
showed that the second (M2) and third (M3) moments [67] of such
NMR spectra can be used to obtain the CSA from the side-band
intensities. Thus,

M2 ¼ ðd2=15Þð3þ g2Þ; ð29Þ
M3 ¼ ð2d3=35Þð1� g2Þ: ð30Þ

Herzfeld and Berger showed that the principal CSA values can be
derived from the intensities of a relatively small number of side-
bands, based on general integral and series expansions for sideband
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intensities [68]. The expressions are evaluated for a wide range of
shift parameters and the results are commonly used to construct
graphical and numerical methods for extracting the principal values
of chemical shift tensors from the intensities of just a few spinning
sidebands. To accurately measure CSA parameters, Fenzke et al. [69]
developed an alternative approach to determine the principal val-
ues of a CSA tensor from MAS sideband intensities, in which one at-
tempts to minimize the mean square deviation between the
calculated and experimental sideband intensities. Another ap-
proach was proposed for the analysis of MAS NMR spectra which
combines nonlinear and linear analytical procedures for fitting side-
band spectra [70]. This method is particularly useful for the analysis
of spectra with lower S/N ratio or overlapping lines.

The reliability of the determination of the anisotropy and the
asymmetry parameter of the chemical shift interaction was calcu-
lated using the Cramér-Rao lower bounds [71]. Based on numerous
studies, it is realized that CSA tensors can be more accurately
determined from a spinning sample experiment than from a static
experiment on a powder sample.
Fig. 3. F1 slices of the13C resonance of carbonyl site of glycine extracted from the
100.56 MHz 2D spectra for (a) the conventional implementation of the 2DCSA
experiment, (b) the 2DCSA(COG) implementation, (c) the OPT-2DCSA(COG) imple-
mentation, (d) the CT-2DCSA(COG) implementation, (e) a simulated powder
pattern. Reproduced with permission from Orr and Duer [83]. Copyright 2006
Elsevier.
1.2.4. CSA recovery under MAS
While MAS averages CSA, a number of multidimensional sepa-

ration and correlation techniques have been utilized to recover
CSA interactions [15]. Magic angle hopping is a 2D technique
which utilizes a mechanical device for rotating the sample in dis-
crete 120� jumps, during the 120� jump time interval between
the jumps with a ‘‘hop” about the magic angle axis, with the proton
decoupling switched off during the ‘‘hop” period [72]. The CSA is
averaged to zero by allowing the magnetization to evolve at three
suitable orientations of the sample relative to the magnetic field.
The static anisotropic pattern is observed in the detection period,
after such an effective isotropic evolution. This technique was fur-
ther modified by replacing the discrete magic angle hopping tech-
nique which requires special flip apparatus with a continuous slow
MAS experiment, yielding similar result [73]. The sensitivity of this
method (magic angle turning (MAT)) was increased by this modi-
fication due to acquisition of the full echo rather than only half
of the echo. Alternatively, the switched-angle sample-spinning
(SASS) method allows the 13C magnetization to evolve under the
sample spinning at an off-magic-angle and under proton decou-
pling, and then makes measurements at the magic angle [74].

A phase corrected MAT (PHORMAT) technique has been devel-
oped to overcome the shortcomings of the previous version of
the MAT experiment [75]. An excellent spectrum of methyl-a-D-
glucopyranoside free of baseline artifact provided the principal val-
ues of 13C CSA with an accuracy comparable to the values obtained
from a single crystal study. A complete separation of isotropic and
anisotropic chemical shifts was established by a 2D MAS experi-
ment, relying on the fact that the magnetization evolution under
the TOSS sequence [76] can be reversed by the application of a
‘‘mirror image” sequence [77]. A 2D phase adjusted spinning side-
band (PASS) method was developed to separate anisotropic and
isotropic chemical shift interactions under MAS using sequences
of five p pulses [78,79].

One revolutionary technique, polarization inversion spin ex-
change at magic angle (PISEMA), that correlates 15N CSA and
1H–15N dipolar coupling greately improves the resolution and sen-
sitivity of separated-local-field (SLF) spectroscopy [61]. The PISE-
MA sequence was combined with the MAT technique, taking
advantages of high-resolution and high-sensitivity of PISEMA and
the ability to resolve isotropic resonances using MAT [62]. 1D ma-
gic-angle decoupling and magic-angle turning (MADMAT) NMR
was also developed by combining the magic-angle rf decoupling
in one time period and the MAT pulse sequence in another time
period [63]. Application of the 1D dipolar-shift method under
MAS was used to determine the 15N CSA and 1H–15N dipolar inter-
action tensors from a powder sample of a model peptide [64].

Another experiment was introduced to obtain undistorted CSA
lineshape under MAS [80]. This utilizes the time dependence of
the resonance frequency of an isolated spin under MAS x(t) [66],
which can be written as

xðtÞ ¼ C1ðXÞcosðxrtÞ þ C2ðXÞcosð2xrtÞ þ S1ðXÞsinðxrtÞ
þ S2ðXÞsinð2xrtÞ: ð31Þ

Here, Ci(X) are coefficients that depend on the molecular orienta-
tion relative to the rotor axis X at time 0. For a stationary sample,
the C1(X) + C2(X) term gives rise to the usual CSA pattern. By means
of four rotor-synchronized p pulses under fast MAS in a 2D exper-
iment, the anisotropy effects of C1(X) and C2(X) are reintroduced
with equal prefactors, while those of S1(X) and S2(X) remain equal
to zero over a rotor period. This 2D iso–aniso experiment was fur-
ther developed (and named as RAI, recoupling of anisotropy infor-
mation) to produce the static chemical shift spectra in the
indirect dimension and isotropic chemical shift spectra in the direct
dimension [81,82]. This approach decreases the influence of finite
pulse length effects in the original sequence by recoupling the
CSA over three rotor periods instead of one. Then, it is even possible
to use a spinning speed as fast as 10 kHz. Cogwheel (COG) phase-
cycled, constant time, and optimized implementations of the CSA
recoupling experiment demonstrated that the modifications give
reliable, undistorted CSA powder patterns using a standard experi-
mental hardware and methods [83]. The constant time (CT-2DCSA
(COG)) variant was shown to give optimum lineshapes of the pow-
der patterns while the optimized (OPT-2DCSA(COG)) version of the
experiment maximized the signal-to-noise ratio as illustrated in
Fig. 3.

No significant artifacts, with standard rf power levels and spin-
ning speeds between 2.5 and 5 kHz, were observed using the
SUPER (separation of undistorted powder patterns by effortless
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recoupling) approach [84] which utilizes 360� instead of 180�
pulses in the above-mentioned iso–aniso 2D MAS experiment
[80]. The SUPER method has been applied to samples containing
various sp2- and sp3-hybridized carbon sites. A variant of this tech-
nique was proposed to recover the CSA by combining a pair of
selective and non-selective p pulses to suppress the 13C–13C scalar
and dipolar interactions [85]. Another approach was proposed for
the recovery of CSA under MAS while retaining a static CSA powder
pattern line shape and simultaneously attenuating homonuclear
dipole–dipole interactions [86]. This was accomplished by a ro-
tor-synchronized rf pulse sequence with symmetry properties that
permit static CSA line shapes to be obtained by a pulse sequence
called ROCSA (recoupling of chemical shift anisotropy), with the
scaling factors of 0.272 for CSA, and approximately 0.05 for homo-
nuclear dipole–dipole interactions. Analysis of the CSA patterns in
N-acetyl-D, L-Valine (Fig. 4) and the Ab11–15 (a 15-residue peptide
fragment of amyloid peptide from Alzheimer’s disease in which
four amino-acid residues (Val 18, Phe 19,20 and Ala 21) were uni-
formly 13C and 15N labeled) demonstrated the utility of ROCSA
measurements for probing peptide conformations in noncrystal-
line solids.
1.2.5. Solution NMR experiments
NMR signals split by CSA in the solid are time-averaged in solu-

tion by fast isotropic tumbling motions, yielding narrow spectral
lines. Nonetheless, the CSA information is present in the individual
isotropic signals through their nuclear spin relaxation times T1 or
T2, especially when solution NMR spectra of globular proteins are
examined at a high magnetic field when the contribution of the
Fig. 4. 13C ROCSA spectra for Ca, Cb and Cc of [V-13C, 15N]N-acetyl-D, L-Valine at mR = 11
simulations for a one-spin system. Reproduced with permission from Chan and Tycko [
CSA relaxation mechanism becomes dominant as compared to that
of the dipole–dipole interaction. Therefore, it is possible to retrieve
CSA data from the spin–spin relaxation rates by careful examina-
tion of relaxation data available from solution NMR, as will be de-
scribed in more detail in Section 3.3. For this reason, a prior
knowledge of the magnitude of the CSA values in solution is essen-
tial to optimize the experimental condition to record high-resolu-
tion TROSY spectra for large proteins or protein complexes with a
molecular weight of �100 kDa [16–20].
1.2.6. Quantum chemical calculations
Quantum chemical methods have been used to calculate CSA

tensors for nuclei in a variety of molecules. The accuracy of such
calculated nuclear shielding constants and the orientations of the
principal axes depends strongly on the quantum chemical calcula-
tions used, for example semiempircal, ab inito or DFT (density func-
tional theory) [40,47,50–52,87,88]. These calculations have proved
to be very useful for providing insights into the underlying mech-
anism of nuclear shielding, including the dependence on molecular
conformational changes and intermolecular interactions such as
hydrogen bonding, even theough such calculations have long re-
mained qualitative for prediction of the experimental data. Cur-
rently, more accurate data are available from ab initio Hartree–
Fock theory using perturbation methods with the inclusion of the
electronic correlation, or DFT theory [87,88]. Studies have shown
that these calculations are useful in understanding the variation
of CSA tensors from one molecule to another, and one amino acid
residue to another in a given protein. Some of these studies are
highlighted later in this review.
kHz and 14.09 T. Upper traces are experimental spectra. Lower traces are best-fit
86].
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Table 2
Correction of 13C chemical shifts primarily referenced to glycine or adamatane (italic)
and then secondarily referenced to TMS or DSS (ppm).

Standard
reference

Primary reference (with reference to the
respective standard reference)

Chemical-shift
correctionaa

Glycine
C@O

Adamantane
low field

Adamantane
high field

TMS neat 176.03 38.04 29.00 0
TMS neat 38.5 29.5 �0.5
TMS 1%CDCl3 37.8 28.8 +0.2
DSS solid 38.1 29.1 �0.1
5% D2O 40.4 31.4 �2.4
1% D2O 40.6 31.5 �2.5

a Chemical shifts were calibrated by the peak position expressed by italic as the
primary reference. Chemical shift correction should be made to compare the data

188 H. Saitô et al. / Progress in Nuclear Magnetic Resonance Spectroscopy 57 (2010) 181–228
2. Isotropic chemical shifts

2.1. Referencing chemical shifts

A IUPAC recommendation proposed to delete the factor of 106 in
Eq. (3), and to express the numerator in Hz and the denominator in
MHz [7,89]. Tetramethylsilane (TMS) in dilute solution in organic
solvents such as CDCl3 or 2,2-dimethylsilapentane-5-sulfonic acid
(DSS) in aqueous solutions are commonly used as internal refer-
ence compounds for reporting 1H and 13C NMR spectra. Without
significant differences in chemical shifts between these references,
chemical shifts can also be given by ‘‘N” which is defined as the
resonance frequency in a magnetic field in which TMS has a reso-
nance frequency of 100.0 MHz,
based on different reference system to each other, after adding or subtracting
‘‘chemical shift correction”. Reproduced with permission from Saitô and Naito [90].
N ¼ mðxÞ=mTMSð1HÞ: ð32Þ
The data, however, must be reported to eight or nine significant fig-
ures as shown in Table 1 and therefore it is cumbersome for discus-
sion. Hence, chemical shifts of any nuclei are commonly expressed
relative to secondary references by the d scale as discussed above. It
should be taken into account, however, that 13C chemical shifts
based on DSS and TMS differ by about 2 ppm, which can cause con-
fusion if not clarified [4].

In contrast, reporting 13C chemical shifts obtained from high-
resolution solid-state NMR is more complicated as compared to
solution NMR results based on an internal reference, because refer-
encing for solids is usually done by a substitution method using a
secondary reference compound, such as the carboxyl peak of gly-
cine (176.03 ppm from neat TMS) or CH2 carbon of adamantine
(29.50 ppm from the high-field doublet from a neat TMS). Chemi-
cal shifts with respect to other reference systems such as TMS in a
sealed capillary of 1% CDCl3 solution or DSS should be compared
with the data after subtracting or adding the correction factors gi-
ven in Table 2 [90]. The following conversion scheme has also been
proposed [7,91]:
dMAS ð1% TMS in CDCl3Þ ¼ dMAS ðneat TMSÞ � 0:71 ppm
¼ dMAS ð0:5% DSS in D2OÞ � 2:72 ppm
¼ dMAS ðsolid adamantaneÞ þ 37:77 ppm

ð33Þ
In order to retrieve any meaningful results from experimental data,
a careful check on the reference system is also essential. Here we
have dropped the label ‘iso’ on d when isotropic terms alone are
concerned.
Table 1
Alternative secondary references.

Isotope Alternative secondary references

Reference compound Sample conditions NMR frequency N (%

1H DSS Internal 100.000 000
2H DSS Internal 15.350 608
13C DSS Internal 25.144 953
31P (CH3O)3PO Internal 40.480 864
15N NH3 (liquid) External 10.132 912
15N [(CH3)4N]I Internalb 10.133 356
14N [(CH3)4N]I Internal 7.223 885

a Volume fraction 1% in CDCl3.
b 0.075 M in DMSO-d6.

Reproduced from R.K. Harris, E.D. Becker, S.M.C. de Menezes, R. Goodfellow, F. Granger,
2.2. Isotropic chemical shifts

2.2.1. 13C chemical shifts
In the solid-state, displacements of 13C NMR peaks as large as

8 ppm are noticed between different conformations in polysaccha-
rides, polypeptides, proteins and several types of ionophores [22–
24]. Even though the magnitude of these displacements is still
small compared with the total chemical shift spread of 200 ppm,
it is sufficiently large to provide a convenient intrinsic probe for
conformational characterization. In particular, 13C chemical shifts
of the backbone Ca and C@O, as well as the side-chain Cb signals,
are significantly displaced for a variety of amino acid residues in
polypeptides, depending on their local conformation such as a-he-
lix, b-sheet, 31 helix, silk I, collagen type triple helix, random coil,
etc [22–24,92–101]: the Ca and C@O 13C chemical shifts of all res-
idues in an a-helix are displaced downfield by 3.5–8.0 ppm with
respect to those of a (antiparallel) b-sheet form, while the Cb shifts
in an a-helix are displaced upfield by 3.4–5.2 ppm with respect to
those of a b-sheet, as summarized in Table 3 (referenced to neat
TMS, through the chemical shift of C@O carbonyl peak of Gly).
The transferability of these parameters for particular residues, from
simple model peptides to more complicated proteins, has proved
to be an excellent diagnostic means of determining local conforma-
tions of specific amino acid residues in proteins such as silk fibroin
[102,103], collagen [104–106] and transmembrane peptides [107].
This is a consequence of a dominant contribution from the para-
magnetic term of the shielding constant in Eq. (21).

The 13C chemical shift peaks of polypeptides, involved in a ran-
dom coil form in CF3COOH or aqueous solution, always appear be-
tween the peaks of a-helix and b-sheet conformations, as a
consequence of time-averaging of the shifts of the allowed confor-
Recommended secondary references

) Reference compound Sample conditions NMR frequency N (%)

TMSa Internal 100.000 000
TMSa Internal 15.350 609
TMSa Internal 25.145 020
H3PO4 (85%) External 40.480 742
CH3NO2 External 10.136 767

CH3NO2 External 7.226 717

Pure Appl. Chem. 73 (2001) 1795–1918.



Table 3
13C chemical shifts characteristic of the a-helix, b-sheet and random coil forms (ppm from TMS).

Amino acid residues in polypeptides Ca Cb C@O

a-Helix b-Sheet Random coilb Da a-Helix b-Sheet Random coilb Da a-Helix b-Sheet Random coilb Da

Ala 52.4 48.2 51.1 4.2 14.9 19.9 15.7 �5.0 176.4 171.8 176.1 4.6
52.3 48.7 3.6 14.8 20.0 �5.2 176.2 171.6 4.6
52.8 49.3 3.5 15.5 20.3 �4.8 176.8 172.2 4.6

Leu 55.7 50.5 55.2 5.2 39.5 43.3 39.7 �3.8 175.7 170.5 175.7 5.2
55.8 51.2 4.6 43.7c 39.6 (4.1) 175.8 171.3 4.5

Val 65.5 58.4 61.2 7.1 28.7 32.4 31.7 �3.7 174.9 171.8 174.4 3.1
58.2 32.4 171.5

Ile 63.9 57.8 61.1 6.1 34.8 39.4 37.1 �4.6 174.9 172.7 175.8 2.2
57.1 33.1 171.0

Glu(OBzl) 56.4 51.2 5.2 25.6 29.0 �3.4 175.6 171.0 4.6
56.8 51.1 5.7 25.9 29.7 �3.8 175.4 172.2 3.2

Asp(OPBzl) 53.4 49.2 4.2 33.8 38.1 �4.3 174.9 169.8 5.1
53.6d 34.2d 174.9

Lyse 57.4 29.9 176.5
Lys(Z) 57.6 51.4 6.2 29.3 28.5 �0.8 175.7 170.4 5.3
Arge 57.1 28.9 176.8
Phe 61.3 53.2 8.1 35.0 39.3 �4.3 175.2 169.0 6.2
Met 57.2 52.2 5.0 30.2 34.8 �4.6 175.1 170.6 4.5
Gly 43.2 168.4

44.3 169.2
171.6f 168.5 3.1

Reproduced with permission from Saitô et al. [24].
a Difference in the 13C chemical shifts of the a-helix form relative to those of the b-sheet form.
b In CF3COOH solution. A few drops of H2SO4 were added in the cases of (Ile)n and (Leu)n.
c This assignment should be reversed.
d Erroneously assigned from the left-handed a-helix.
e Data taken from the data of salt-induced a-helix in neutral aqueous solution.
f Averaged values from the data of polypeptides containing 13C-labeled glycine residues.

Fig. 5. The calculated 13C chemical shift (shielding constant) map of the Cb carbon
of N-acetyl-N0-methyl-L-alanine amide obtained by using the FPT-INDO method.
The chemical shielding constants were calculated at 15� intervals for the torsion
angles (/,w). Reproduced with permission from Ando et al. [41].
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mations. In some instances, however, the 13C chemical shifts of the
a-helix are very close to those of a random coil as encountered for
Ala and Leu residues (Table 3). This is also the case for a variety of
membrane proteins, for instance, [3-13C]Ala-labeled bacteriorho-
dopsin (bR) in which an a-helical Ala Cb from the flexible C-termi-
nal region resonates at the lowest boundary position accidentally
overlapped at the frequency typical of a random coil [24,108]. Even
in such cases, a distinction between a-helix and random coil peaks
can be made, by taking into account that the signal from the a-he-
lix under consideration can be recorded only by a CPMAS experi-
ment in the presence of persistent C–H dipolar interactions, but
the peak from random coil can be obtained by either solution
NMR or by DD (direct-detection or dipolar-decoupled, without
cross-polarization) MAS because of averaged such dipolar interac-
tions. Even though the antiparallel structure is known as the major
form in the b-sheet form, the parallel b-sheet form [109,110] plays
an important role in the secondary structure of amyloid peptides
[111] and silk fibroin from S.c. ricini [112]. In reflecting the pres-
ence of different types of hydrogen bonding between the two types
of b-sheet forms, more wide spread of Ala Cb

13C chemical shifts
(16.1–22.8 ppm, with reference to a neat TMS) in N- and C-termi-
nal Ala residues in a parallel b-sheet (Ala)3 and (Ala)4, as confirmed
by X-ray diffraction studies, turned out to be an excellent means to
distinguish the types of both conformations as compared with
those of an antiparallel form (18.9–21.1 ppm) [112]. Consequently,
the 13C chemical shifts as measured in the solid-state with refer-
ence to those from model polypeptides in Table 3 and parallel b-
sheet form turned out to be a very valuable means as intrinsic
probes to determine the secondary structure of peptides and pro-
teins, irrespective of neighboring amino acid residues.

Further, it is interesting to note that carbonyl 13C chemical
shifts (C0) in peptides and proteins are also related to the nature
of participating hydrogen bonds. In particular, it was empirically
shown that the observed isotropic 13C0 chemical shifts in Gly, Ala,
Leu, Val and Asp residues move linearly downfield with a decrease
in the hydrogen-bonding length RN. . .O, according to Eq. (34) [113–
115],

diso ðppmÞ ¼ a� bRN...O ðÅÞ; ð34Þ

where a and b are 206.0 (ppm) and 12.4 (ppm/Å) for Gly residue,
237.5 (ppm) and 21.7 (ppm/Å) for Ala residue, 215.4 (ppm) and
14.2 (ppm/Å) for Val residue, 202.2 (ppm) and 10.0 (ppm/Å) for



Fig. 6. Chemical shift index plotted for the first 65 residues of interleukin four using
assignments supplied by Powers et al. [123]. (a) Ha, (b) Ca and (c) carbonyl
resonances. Reproduced with permission from Wishart and Sykes [28]. Copyright
1994 Elsevier.
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Leu residue, and 199.0 (ppm) and 9.6 (ppm/Å), respectively. Alter-
natively, the RN. . .O values of some polypeptides in the crystalline
state can be evaluated by these relations from the observed amide
C0 chemical shifts.

The above-mentioned conformation-depence of 13C chemical
shifts in polypeptides or proteins has been explained theoretically
by calculation of the 13C shielding constants of Ala fragment (N-
acetyl-N0-methyl-L-alanine amide; Ac-L-Ala-NHMe) as a function
of the torsion angles (dihedral angles) (/,w) by means of the
FPT-INDO method [41]. The 13C chemical shift for the Ala Cb car-
bon, for instance, in any specified conformation can be found from
the calculated contour map of the shielding constant as illustrated
in Fig. 5 [41]. These calculations verified that 13C chemical shifts of
Ala residues in polypeptides and proteins vary with conformation
and can be utilized as convenient probes for predicting conforma-
tion. However, for the interpretation of Ca and C@O13C chemical
shifts, however, it turned out to be essential to include hydrogen
bonds at N–H and C@O in addition to the effects of the torsion an-
gles, although the Cb chemical shift is not affected by such hydro-
gen bonds. Instead of this fragment approach, calculation of Ca, Cb

and C@O 13C chemical shifts of (Gly)n, (Ala)n and (b-benzyl-L-Asp)n,
have been made which take tight-binding MO theory suitable for
treating infinite molecular chain into account of the infinite
chain-length of peptides including appropriate intramolecular
hydrogen bond network and these are consistent with the experi-
mental data [116,117]. Consistent results were further obtained by
more elaborate calculations of 13C chemical shifts for Ac-L-Ala-
NHMe and Ac-Gly-NHMe on the basis of ab initio MO approaches
[43,44,117,118].

Average 13C chemical shifts obtained by multidimensional solu-
tion NMR experiments for Ca and C@O carbons of all 20 amino acid
residues taking a-helix, b-sheet and random coil forms have been
reported [25,120]. Both the 13C resonances experience downfield
shifts in the a-helix and upfield shifts in the b-sheet forms with re-
spect to those in a random coil. Solution NMR structural studies
have extended this approach to formulate a chemical shift index
(CSI) to identify the secondary structure of proteins [28,121,122].
This method can be thought of as a filtration procedure to separate
out spurious chemical shift signals, by assigning an index value of
+1, 0 or �1 for the a-helix, random coil and b-sheet structures,
respectively. The CSI values which are graphically represented
against the amino acid sequence were originally developed for
the analysis of Ha signals and extended to include 13Ca, 13Cb and
13C@O chemical shifts to identify and locate the secondary struc-
ture of proteins without recourse to NOE measurements by utiliz-
ing these four independent chemical shift measurements [122]. For
example, the secondary structure of the first 65 residues of inter-
leukin 4 experimentally determined by the CSI values are consis-
tent with the secondary structure determined by X-ray and NOE
data, as depicted by the arrows (b-strand) and coils (helices) in
Fig. 6 [28].

13C chemical shifts of the Ca and Cb carbons of individual resi-
dues can be used to obtain the corresponding torsion angles /
and w of the peptide unit, whose values available from high-reso-
lution X-ray diffraction studies in which their 3D structures have
been resolved at 1.0–2.2 Å [25]. Average secondary shifts of D(/
,w)) as a function of the torsion angles (/,w) were calculated by
convolution of each of the deviation from random coil chemical
shift as a secondary shift of residue k, d(/k,wk), with a Gaussian
function

Dð/;wÞ ¼
P

dð/k;wkÞexp½�ðð/� /kÞ
2 þ ðw� wkÞ

2Þ=450�P
exp½�ðð/� /kÞ

2 þ ðw� wkÞ
2Þ=450�

: ð35Þ

Plots of these functions for Ca and Cb signals are illustrated in Fig. 7a
and b, respectively, together with histograms of secondary shift dis-
tribution in a-helix and b-sheet forms (C). This is consistent with
the data obtained from polypeptides in the solid-state as summa-
rized in Table 3 and in Fig. 5. An extensive database of Ca and Cb

chemical shifts of proteins in solution has been generated, for which
high-resolution crystal structures exist and they have been shown
to be essentially identical to the solution structures [124]. The ef-
fects of backbone dihedral angles, side-chain dihedral angle v1

and hydrogen bonding on the Ca and Cb chemical shifts were ana-
lyzed. These chemical shift data, together with those of 15N and
1H chemical shifts, are currently utilized as most important struc-
tural restraints for 3D construction as discussed in Section 4.1.

2.2.2. 15N chemical shifts
It was also anticipated that amide-15N chemical shifts of poly-

peptides and proteins would also be sensitive to their secondary
structures. In studies of 15N-labeled homo- and copolypeptides in
the solid-state [30,125–127], the conformation-dependency of
15N chemical shifts is found be not so simple as compared to the
above-mentioned 13C chemical shifts, because 15N chemical shifts
depend mainly on the conformation and side-chain structure of



Fig. 7. Contour plots of the average secondary shift D(/,w) of (a) Ca and (b) Cb

resonances and histogram (c) of secondary shift distributionin a-helix and b-sheet
form. Reproduced with permission from Spera and Bax [25].

�
A

m
er

ic
an

C
h

em
ic

al
So

ci
et

y
19

91

H. Saitô et al. / Progress in Nuclear Magnetic Resonance Spectroscopy 57 (2010) 181–228 191
an individual amino acid residue [30]. In fact, the amide-15N sig-
nals of a-helial homopolypeptides (97.0–99.2 ppm) are found at
a higher field than that of the b-sheet conformation (99.5–
107.0 ppm), as demonstrated in Fig. 8, consistent with the isotropic
and d22 component of the 15N shielding map calculated for poly(b-
benzyl L-aspartate) [128]. The d22 component of the 15N shielding
tensor, which lies perpendicular to the H–N–C plane as illustrated
in Fig. 9 for the amide-15N nuclei, can be utilized as a good param-
eter for distinguishing a-helix and b-sheet conformations. In Fig. 8,
15N chemical shifts of other conformations including forms I and II
of (Pro)n [PP] and (Gly)n [PG], aL (left-handed a-helix) and xL

(omega) helix are also included. It is also noted that the 15N chem-
ical shifts of the b-sheet form of Leu, Val or Ile residues with alkyl
side-chains appear at a lower field than that of an Ala residue,
while the 15N chemical shifts of the b-sheet forms of Asp(OBzl),
Glu(OBzl) or Glu(OMe) residues appear at higher fields than that
of an Ala residue. In fact, 15N chemical shifts are strongly influ-
enced by the side-chain bulkiness of residue i � 1 affecting the
backbone 15N shift of the ith residue [30].

In a similar manner, a 3–4 ppm difference in amide-15N chem-
ical shift was observed between the a-helix and b-sheet residues
from various globular proteins in aqueous solution [118]. In rela-
tion to the neighboring effect as described above, an empirical cor-
relation between 15N chemical shifts, in BPTI and apamin, and the
torsion angle of the preceding residue wi�1 was proposed for the b-
sheet residues [129]. Empirical correlation between 15N chemical
shifts and the torsion angles /i and wi�1 was searched for a variety
of proteins with known 3D structures [130]: on average, the rms
error between experiment and prediction is about 3.5 ppm,
although results for Thr, Val and Ile residues are worse
(�4.8 ppm). Ab initio calculations were performed for several pep-
tide fragments in order to estimate the contributions to 15N chem-
ical shifts of peptide residues such as the torsion angles (/i�1, wi�1,
/i, wi and v1) and hydrogen bond [43,131]. It was shown that the
two backbone torsion angles closest to the peptide group (wi�1

and /i) have the largest effects up to 20 ppm on 15N chemical sifts.
The adjacent (preceding) torsion angles /i�1 and wi have a smaller
contribution up to 8 ppm. Different side chain conformations pro-
duced chemical shift variations of only 4 ppm [131].

Further, it should be taken into account that 15N chemical shifts
are very sensitive to the nature of hydrogen bonding: the 15N sig-
nal of a proton donor (N–H) is displaced downfield by about
15 ppm, while the 15N shift of a proton acceptor (tertiary nitrogen
atom) is shifted upfield by about 20 ppm [132–136]. Therefore, dis-
placement of 15N chemical shifts arising from hydrogen bonds may
surpass the effect due to the above-mentioned conformational
changes. In addition to the isotropic 15N chemical shifts, the three
principal tensor components were measured for Gly residue in a
variety of peptides with a terminal Boc group in order to clarify
the relationship between the 15N shifts and RN. . .O distances: the
isotropic 15N chemical shifts (diso) of the glycine residues move
downfield with a decrease of hydrogen bond lengths (RN. . .O) be-
tween the nitrogen and oxygen atoms in the amide groups, and
that the pricipal value of d33 moves linearly downfield with a de-
crease of RN. . .O. There is no relationship, however, between the
principal value of r11 or r22 and RN. . .O, although the decrease of
the N–H bond length (RN–H) leads to a linear increase in the 15N
chemical shift value [137,138]. Nevertheless, Gly N–H 15N chemi-
cal shifts of collagen (Gly-Xaa-Yaa repeating units) and its model
polypeptides [(Pro-Ala-Gly)n or (Pro-Pro-Gly)10] were found to be
very sensitive probes for locating the interchain (Gly)NAH. . .O@C
(Xaa or Pro) hydrogen bond which is believed to be essential for
the stabilization of the coiled-coil triple-helix conformation
[139]. In particular, the 15N peak of the Gly N–H group and the
high-field (low-frequency) shoulder peak of Pro nitrogen signals
in (Pro-Pro-Gly)10 are shifted downfield (4.9 and 6.8 ppm, respec-
tively) with increasing relative humidity by forming NAH. . .O@C
hydrogen bonds, while the corresponding peaks for collagen and
(Pro-Ala-Gly)n are unchanged and close to the 15N chemical shift



Fig. 8. The diagram of the observed isotropic 15N chemical shifts of some homopolypeptides (X)n with various conformations [a-helix, b-sheet, aL-helix, xL-helix, (Gly)n I
(PGI), (Gly)n II (PGII), (Pro)n I (PPI) and (Pro)n II (PPII) forms]. Reproduced with permission from Shoji et al. [30]. Copyright 1993 Elsevier.

Fig. 9. Orientations of the principal axes for the 13C, 17O,15N and 1H CSA tensors for
an amide fragment. The most shielded component d33 for the 13C and 17O tensors is
located perpendicular to the peptide plane. The d22 and d11 components for the 15N
and 1H Tensors, respectively, are also located perpendicular to the peptide plane.
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of (Pro-Pro-Gly)10 in the hydrated state. For establishment of the
above-mentioned relationship between the 15N chemical shifts
and RN. . .O distances, it is more preferable to use the tensor compo-
nent d33 (approximately, parallel to the C–N bond) (see Fig. 9)
rather than the isotropic peak [140]. In addition, the N–H bond
lengths determined from the N–H dipolar interaction, when the
amplitude of a thermal vibration of N–H moiety is significantly
enhanced as encountered for weakly hydrogen bonded systems.
Fig. 10. Correlation between the 15N chemical shift for protonated 6-s-trans-retinal Sch
center distance between the SB nitrogen and the counterion. Reproduced with permissi
This means that special care should be exercised when one uses
the NMR-derived N–H distances involved in different types of
hydrogen bonded systems as parameters for characterizing hydro-
gen bonded systems.

Naturally, the 15N chemical shift is also strongly affected by
electrostatic interactions such as effects of electronic charge or
counter ion in the vicinity of the nitrogen atom under consider-
ation [135,136]. Thus, the 15N chemical shift of the Schiff base
nitrogen in retinylidenes bacteriorhodopsin can be used to identi-
fication and detailed characterization of individual photo interme-
diates [141–145]. The frequencies of the maximum visible
absorbance and the 15N chemical shifts of the 13-cis and all trans
retinylidene compounds are found to be linearly related to the
strength of the protonated Schiff base (pSB)-counterion (CI) inter-
action as measured by (1/d2), where d is the center-to-center dis-
tance between the pSB and the CI, as illustrated in Fig. 10 [143].
With these calibrations, d = 4.0, 3.9, 3.7, 3.6 and 3.8 Å (±0.3 Å) dis-
tances were estimated for the J625, K590, L550, N520 and bR555 states
for 13-cis-compounds of bR, respectively. These distances are com-
parable with similarly determined values of about 4.16 ± 0.03 Å
and 4.66 ± 0.04 Å for the all-trans bR568 and O640 states, respec-
tively. The effective SB counter ion distance in regenerated bovine
rhodopsin expressed by using suspension cultures of HEK293S
cells was estimated by means of 15N chemical shift consideration
using the empirical relationship as shown in Fig. 10 [146].
iff bases (SB) and the counterion strength measurd by 1/d2, where d is the center–
on from Hu et al. [144].
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Fig. 11. Distribution of a-proton chemical shifts in helices and b-strands. The black
vertical bar indicates the median chemical shift. Reproduced with permission from
Wishart et al. [26]. Copyright 1991 Elsevier.
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2.2.3. 1H chemical shifts
Conformation-dependent 1H chemical shifts, if any, can be

caused by the last term in Eq. (20), consisting of neighboring group
effects such as magnetic anisotropy, hydrogen bonding, electric
field effects, etc. An attempt to evaluate such effects from protein
data of known 3D structures showed that Ha protons in the b-sheet
regions experience downfield secondary shifts, whereas Ha pro-
tons in a-helix regions experience upfield secondary shifts with re-
spect to those of the random coil form. Correlations between the
chemical shifts of amide and Ca protons and the length of hydro-
gen bonds formed by these groups have been made [119,147–
152]. The existence of such close correlations between 1H chemical
shifts and local secondary structure has been recognized for a vari-
ety of proteins of known 3D structures as demonstrated in Fig. 11
[26]. Semi-empirical quantum chemical calculations have been
made in attempts to evaluate the contribution of the magnetic
anisotropy and electric field effects besides the diamagnetic shield-
ing to 1H chemical shifts of a-helical polypeptide (initially for
(Ala)n) and the calculated chemical shifts agree fairly well with
the observed values [150]. An empirical analysis of proton chemi-
cal shifts referenced to the chemical shift values in random coil
protein from a variety of proteins of known structure [151–155]
was made to decompose the last term in Eq. (20) into the following
contributions:

r0 ¼ rrc þ rm þ rel þ rs; ð36Þ

where the individual terms are contributions from aromatic ring
currents, magnetic anisotropy effects from the peptide groups, elec-
tric fields from distant polar groups which can polarize the C–H
bond, and solvent effects, respectively. The term for the ring current
contributions in [155] is

rrc ¼ iBGðrÞ; ð37Þ

where r is the vector from the observed proton to the aromatic ring,
G(r) is a geometric factor, and i and B are constants [156]. The mag-
netic anisotropy contribution is given by [157]:

rm ¼ ð3L0R3Þ�1Dvð3cos2 h� 1Þ ð38Þ

where L0 is the Avogadro constant, R is the distance from the proton
to the amide group which has the magnetic anisotropy
Dv = �5.1 ± 0.6 � 10�6 erg/(G2 mol) (formamide) [158]. The term
for the electrostatic contribution is

rel ¼ AEðC—HÞ ð39Þ

based on the charge model from the CHARMM (version 19) param-
eters. The parameter fitting of chemical shifts for 5678 protons
bonded to carbon into these classical contributions yielded a linear
correlation coefficient of 0.88 between calculated and observed
structural shifts, with a root mean square error of 0.23 ppm: contri-
butions from the peptide group are especially noticeable for protons
at the Ca, although predictions for protons bonded to nitrogen are
much worse [152]. Various models for calculating the above-men-
tioned contributions have been compared [159] and also their rela-
tive proportions as illustrated in Fig. 12. The success of such an
empirical treatment of 1H chemical shifts of a variety of proteins
from the database is promising and further extends to the base of
chemical shift restraints for revealing unknown 3D structures of
proteins.

As compared with 13C and 15N NMR spectra, recording 1H NMR
spectra of polypeptides and proteins in the solid-state is not an
easy task because of the large line broadening caused by dipolar
interactions among dense 1H spins. Nevertheless, it was shown
that Ha

1H NMR signals of the b-sheet form of (Ala)n and (Leu)n res-
onate downfield as compared to their signals from the a-helical
form as recorded by a combined rotational and multipulse spec-
troscopy (CRAMPS) method [160,161], consistent with the data
from proteins in aqueous solution. Well-resolved N–H proton sig-
nals in solid-state are observed either by CRAMPS of 15N-labeled
polypeptides [162] or high field/fast MAS measurements [163–
165], in order to avoid 14N–1H dipolar splitting caused by the effect
of the 14N quadrupole coupling [166]. The measured 1H chemical
shift values (diso) of hydrogen-bonded Gly amide-protons of Gly-
containing peptides and polyglycines in the solid-state have been
plotted against the hydrogen-bond lengths between amide nitro-
gen and oxygen atoms (RN. . .O) determined by X-ray diffraction
studies, as illustrated in Fig. 13 [164]. The bars indicate the exper-
imental errors in the spectra. It was found that as RN. . .O is de-
creased from 3.12 to 2.72 Å, the amide-1H chemical shift moves
downfield by 2.46 ppm from 7.76 to 9.04 ppm. Well-resolved 1H
NMR signals including those of amide-NHs were observed for anti-
parallel and parallel alanine tripeptide (Ala)3 by high-field
(930 MHz) MAS (20 kHz) NMR [165]. In particular, amide-NH and
NHþ3

1H NMR signals of parallel (Ala)3 were well resolved at 7.5
and 8.9 ppm, respectively, whereas amide-NH and NHþ3 signals of



Fig. 12. Comparison of calculated and observed Ha secondary structure shifts. (a) ring current only, (b) magnetic anisotropy only, (c) electric field only, (d) ring current plus
magnetic anisotropy, (e) using all three. Values for ubiquitin, turkey ovomucoid third domain, human lysozyme and BTPI are plotted. Reproduced with permission from
Williamson and Asakura [159]. Copyright 1991 Elsevier.
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antiparallel (Ala)3 resonated at the same frequency (9.5 ppm)
which is at lower field than that of the parallel peptide. In a similar
manner, amide-15NH signals of antiparallel (Ala)3 resonate at a
lower field by 2–5 ppm than those of parallel (Ala)3, although the
15NHþ3 signal of the former resonates at the peak-position between
the two 15N peaks of the latter. These findings based on the 1H and
15N hydrogen bond shifts are consistent with the relative hydrogen
bond lengths of inter-strand NAH. . .O@C bonds as evaluated by X-
ray diffraction studies, and are also consistent with DFT calcula-
tions for antiparallel and parallel (Ala)3 [165].



Fig. 13. Plots of the observed 1H chemical shift values (d) of hydrogen-bonded Gly
amide protons of Gly-containing peptides and polyglycines in the solid against the
hydrogen bond lengths between amide nitrogen and oxygen atoms (RN. . .O).
Reproduced with permission from Yamauchi et al. [164]. Copyright 2002 Elsevier.

Fig. 14. Plots of the backbone angles (a) /, and (b) w predicted by TALOS, versus
those observed in the crystal structure for ubiquitin. Reproduced with permission
from Cornilescu et al. [173].
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The 1H chemical shielding calculations of hydrogen-bonded Gly
amide-protons of two hydrogen-bonded GlyGly molecules have
been made using the Gaussian 96 HF program with ab initio 6-
31G** basis set by changes of RN. . .O from 3.5 to 2.6 Å as referred
to its crystal structure determined by X-ray diffraction. The calcu-
lated chemical shifts move to downfield by 2.5 ppm from 6.9 to
9.4 ppm as RN. . .O is decreased from 3.30 to 2.72 Å [167].

2.2.4. Chemical shifts can provide torsion angles
Incorporation of both 1H and 13C chemical shift as additional re-

straints into the refinement of protein structures using the simu-
lated annealing protocol with NOE and J coupling data has been
achieved [168,169]. An approach to obtain the most probable /
and w angles from multidimensional hypersurface correlations of
backbone chemical shifts (13Ca, 13Cb, 1Ha, 1HN and 15N) of a given
residue with its backbone torsion angles was proposed [170]. It
was claimed that this information considerably improves the
structural quality when used for cases where only a very small
number of NOE restraints is available. Indeed, the use of chemical
shifts is now recognized as important tool in understanding, gener-
ating or refining macromolecular structures: chemical shift refine-
ment options are now available in the simulated annealing
protocols, AMBER, XPLOR and CNS [171]. To this end, a computer
program (SHIFTY) was developed to accurately and automatically
predict the 1H and 13C chemical shifts of unassigned proteins on
the basis of sequential homology of proteins against the database
from BioMagResBank [172].

A hybrid approach, [called TALOS (Torsion Angle Likelihood
Obtaiend from Shifts and sequence similarity), http://spin.nida-
k.nih.ov/bax], which searches a database for triplets of adjacent
residues with secondary chemical shifts and sequence similarity,
in order to provide the best match to the query triplet of interest
to predict the most likely backbone angles for a given residue of
unknown structure [173]. For each query triplet of consecutive res-
idues, the similarity to a triplet with center-residue j in the data-
base is evaluated by computing a similarity factor, S(i, j) given by:

Sði; jÞ ¼
Xþ1

�1

k0
nD

2
ResType þ k1

nðDdCiþn
a � DdCjþn

a Þ
2

h
þk2

nðDdNiþn � DdNjþnÞ2 þ k3
nðDdCiþn

b � DdCjþn
b Þ

2

þk4
nðDdC0iþn � DdC0jþnÞ2 þ k5

nðDdHiþn
a � DdHjþn

a Þ
2
i

ð40Þ
and the value of S(i, j) is evaluated for all triplets j in the database.
Dd denotes the secondary shifts of the 13Ca, 13Cb, 13C0, 1Ha and
15N nuclei. Using the empirical weighting factors k0

n through k5
n val-

ues and the residue similarity factors DResType, the values of S(i, j)
typically range from 5 to 600. As demonstrated in Fig. 14 for com-
parison of the torsion angles between predicted and observed val-
ues in the crystal structure, it appears that the accuracy of the
TALOS prediction exceeds that of even some of the best solution
structures calculated on the basis of NOEs and J coupling [173].
Alternatively, a computer program (SHIFTX, http://redpoll.phar-
macy.ualberta.ca) uses a hybrid predictive approach that employs
precalculated, empirically derived chemical shift hypersurfaces in
combination with classical or semi-classical equations (for ring cur-
rent, electric field, hydrogen bond and solvent effects) to calculate
1H, 13C and 15N chemical shifts from atomic coordinates [174]. Data
mining techniques were used to extract the largest pairwise con-
tributor (from a list of �20 derived geometric, sequential and struc-
tural parameters) to generate the necessary hypersurfaces which
capture dihedral angle, sidechain orientation, secondary structure
and nearest neighbor effects. The program was able to attain a cor-
relation coefficient (r) between observed and calculated shifts of
0.911 (1Ha), 0.980 (13Ca), 0.996 (13Cb), 0.863(13CO), 0.909 (15N),

http://spin.nidak.nih.ov/bax
http://spin.nidak.nih.ov/bax
http://redpoll.pharmacy.ualberta.ca
http://redpoll.pharmacy.ualberta.ca
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0.741 (1HN) and 0.907 (sidechain 1H) with RMS errors of 0.23, 0.98,
1.10, 1.16,2.43, 0.49 and 0.30 ppm, respectively. A TALOS-like data-
base searching procedure, which utilizes both the protein sequence
and the structural homology, was used after the inclusion of the
nearest neighbor, ring current and hydrogen bond effects to predict
the backbone 15N, 1HN, 1Ha, 13Ca, 13Cb and 13C0 chemical shifts for a
protein of known structure, as a computer program SPARTA (Shift
Prediction from Analogy in Residue type and Torsion angle) [175].
The predicted and experimental shifts were shown with a standard
deviation of 2.52, 0.51, 0.27, 0.98, 1.07 and 1.08 ppm for 15N, 1HN,
1Ha, 13Ca,13Cb and 13C0, respectively.

The following three computer packages that are currently avail-
able on the internet are useful for protein structure determination
using chemical shifts: CHESHIRE (CHEmical Shift Restraints) [176],
CS-ROSETTA [177] and CS23D (Chemical Shift to 3D structure)
[178].
3. Anisotropic chemical shifts

3.1. CSAs of nuclei in peptides and proteins

It is expected that CSA tensors can provide insights into the lo-
cal secondary structure and dynamics for individual residues in
peptides and proteins, as well as their inter-residual besides their
Table 4
The amide 13C chemical shift tensors of peptides in the solid state.

Peptides Angle between dii and
X–Y bond axis

d11
a

(ppm)
d22

a

(ppm)
d33

a

(pp

[1-13C]Gly[15N]Gly HCl
H2O

d22: 13� from C@O bond
axis

244.1 177.1 87.9

Ac[1-13C]Gly[15N]GlyNH2 d22: parallel to C@O bond
axis

243.0 184.9 91.2

Ac[1-13C]Gly[15N]AlaNH2 d22: parallel to C@O bond
axis

242.1 184.9 90.0

Ac[1-13C]Gly[15N]TyrNH2 d22: �6� from C@O bond
axis

242.5 165.5 95.3

Ac[1-13C]Gly[15N]Gly HCl d22: �12� from C@O bond
axis

243.8 177.2 89.1

[1-13C]Ala[15N]Ala d22: 3.6� from C@O bond
axis

244 170.8 95

Ac[1-13C]Gly[15N]AlaNH2 d11: �36.6� from C0–N bond
axis

242.1 184.9 90.0

Ac[1-13C]Gly[15N]TyrNH2 d11: �40.7� from C0–N bond
axis

242.5 165.5 95.3

[1-13C]Gly[15N]Gly HCl d11: �46.6� from C0–N bond
axis

243.8 177.2 89.1

Ac[1-13C]Gly[15N]GlyNH2 d11: �34.5� from C0–N bond 243 184.2 91.2

[1-13C, 10%]GlyGly HCl
H2O

d22: 13� from C@O bond
axis

242.1 177.1 87.9

[1-13C, 10%]GlyGly HNO3 d22: 5� from C@O bond axis 248.1 167.8 89.1
[1-13C, 10%]GlyGly d22: 10� from C@O bond

axis
242.3 173.8 88.2

[1-13C, 99%]AlaGly H2O 245 179 93
[1-13C, 99%]AlaSer 249 172 89
[1-13C, 99%]AlaProGly

H2O
235 178 95

[1-13C, 90%]ValGlyGly 245 170 93
BocPro[1-13C, 90%]IleGly 249 183 88

D,L-[1-13C, 90%]LeuGlyGly 246 178 92

[1-13C, 90%]AspGly 242 175 93
N+H3CH(CH3) COO�

1. COO�

2. CH3(Cb)

1. d11: 9.4� from C0–Ca bond
axis

242.9 183.5 106

2. d33: 4.3� from Ca–Cb bond
axis

30.3 21.4 8.3

a d11 > d22 > d33.d11 is most deshielded component and d33 the most shielded compone
b Dd = d33 � (1/2)(d11 + d22).
c d: Converted from liq. benzene reference to TMS reference [d for liq. benzene: 128.5
inter-residual interactions through NAH. . .O@C hydrogen bond
networks. Both principal components and orientations of CSA ten-
sors are straightforwardly obtained in the solid-state, as described
in Section 1.2. The orientation information can also be derived
from polycrystalline samples through the interactions between X
CSA and X–Y dipolar tensors, where spins X and Y are dipolar
coupled.
3.1.1. 13C CSA
The Gly 13C0 principal values (d11, d22 and d33) for 13C0 nucluei in

Gly and their orientations for several single crystalline [179,180]
and polycrystalline [42,113,181,182] peptides reported in the liter-
ature are summarized in Table 4. The frequency values of many of
the principal components are converted and reported with refer-
ence to TMS. These values span a wide range of 242–88 ppm. It
is noted that the orientations of the principal component d22 for
13C0 is not always collinear with the C@O bond [179–182] although
the d33 axis is perpendicular to the peptide plane [42,113,179–
182], except for [1-13C, 10%] 1Gly2Gly�HCl�H2O (tilt angle of 85�)
[180], as illustrated in Fig. 9. It is also noteworthy that the peak
positions corresponding to d22 differ substantially among the pep-
tides, although the peak positions of d11 and Dd are almost un-
changed. The 13C0 d11 of [1-13C]Gly[15N]Gly�HCl�H2O lies in the
peptide plane and forms an angle of 77� relative to the C@O bond
m)
Ddb

(ppm)
diso

(ppm)
Remarks Reference

111.6 169.7 Single crystal. d convertedc [179]

105.0 172.8 15N-dipole coupled powder. d
converted

[181]

104.7 172.3 15N-dipole coupled powder. d:
converted

[181]

112.1 167.8 15N-dipole coupled powder. d:
converted

[181]

110.7 170.0 15N-dipole coupled powder. d:
converted

[181]

111.1 169.9 13C-15N dipole coupled powder. d:
converted

[182]

104.7 172.3 13C-15N dipole coupled powder.d:
converted

[182]

112.1 167.8 13C-15N dipole coupled powder. d:
converted

[182]

110.7 170.0 13C-15N dipole coupled powder. d:
converted

[182]

105.3 172.8 13C-15N dipole coupled powder. d:
converted

[182]

109.6 169.7 Single crystal [180]

119.7 168.3 Single crystal [180]
111.3 168.1 Single crystal [180]

109 172.6 Polycrystalline; spinning side bands [42]
118.5 170.1 Polycrystalline; spinning side bands [42]
98.5 169.3 Polycrystalline; spinning side bands [42]

113.5 169.2 Polycrystalline; spinning side bands [114]
113.5 173.0 Polycrystalline; spinning side bands [114]
111 172.0 Polycrystalline; spinning side bands [114]

108 170.3 Polycrystalline; spinning side bands [114]
.7 97.8 177.7 Single crystal. d: converted [55]

15.5 20.0

nt. d: Relative to TMS.

ppm relative to TMS].



Table 5
Conformation-dependent changes in the 13C principal values of some polypeptides.

Sample Conformation Amino-acid residues Carbons d11 (ppm) d22 (ppm) d33 (ppm) Dd (ppm) diso (ppm) Reference

(Gly)n I b-Sheet Gly C
0

243 174 88 121 168.3 [183]
(Gly)n II 31-Helix Gly C

0
243 179 94 117 171.8 [183]

(Gly)n I b-Sheet Gly CH2 60 45.0 28 25 44.3 [184]
(Gly)n II a-Helix Gly CH2 61 45.7 25 28 43.7 [184]
(Asp(OBzl), Gly*)n a-Helix Gly CH2 65 44.1 25 29.6 44.8 [184]
(Asp(OBzl), Gly*)n x-Helix Gly CH2 65 46.5 24 31.8 45.1 [184]
(Ala, Gly*)n a-Helix Gly C0 244 178 94 116 176.4 [183]
(Leu, Gly*)n a-Helix Gly C0 242 179 94 117 175.7 [183]
(Glu(OBzl), Gly*)n a-Helix Gly C0 243 178 95 116 172.0 [183]
(Asp(OBzl),Gly*)n a-Helix Gly C0 243 178 95 116 172.0 [183]
(Asp(OBzl),Gly*)n x-Helix Gly C0 242 178 93 117 171.1 [183]
(Val,Gly*)n b-Sheet Gly C0 242 171 93 114 168.5 [183]
(Ala)n a-Helix Ala C0 247.1 192.5 93.8 104.0 177.8 [186]
(Ala)n a-Helix Ala Ca 72.1 54.3 31.7 29.2 52.7 [186]
(Ala)n a-Helix Ala Cb 25.3 19.5 0.6 15.3 15.1 [186]
(Ala)n a-Helix Ala C0 243 194 99 177 178.7 [42]
(Ala)n b-Sheet Ala C0 245.4 173.2 95.3 111.2 171.3 [186]
(Ala)n b-Sheet Ala Ca 59.7 54.6 31.6 16.6 48.6 [186]
(Ala)n b-Sheet Ala Cb 37.7 16.1 5.3 27.0 19.7 [186]
(Ala)n a-Helix Ala Ca 72.0 51.9 39.0 26.6 53.3 [185]
(Ala)n a-Helix Ala Cb 23.4 18.1 2.3 13.2 15.8 [185]
(Ala)n b-Sheet Ala Ca 64.6 49.7 32.4 23.6 48.9 [185]
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[179]. Measurements have been made of the magnitudes of the
deviation of the bond axis for single crystalline samples of [1-13C,
10%]GlyGly, [1-13C, 10%] GlyGly�HNO3 and [1-13C, 10%] 1Gly2-

Gly�HCl�H2O for various hydrogen bond angles in OAH. . .O@C<
type was examined [180]. For the 13C0 principal values of Ala resi-
due in some peptides, see Table 4 [42,114].

Magnitudes of displacements of chemical shifts accompanying
conformational changes were examined for Gly 13C0 CSAs of
[2-13C, 8%] (Gly)n, taking I (b-sheet) and II (31-helix) forms, and
the guest [2-13C, 8%] Gly incorporated into host (b-benzyl L-aspar-
tate)n or (b-benzyl L-glutamate)n[127,183,184], and also for Ala C0,
Ca and Cb CSAs [185]. Magnitudes of displacement upon conforma-
tional changes are larger for d22 and d33, while d11 is almost un-
changed (Table 5). Ala 13Ca and 13Cb CSAs of (Ala)n with the aR-
helix and b-sheet forms indicate that the most deshielded value
of d11 for Ala Ca and Cb are very sensitive to conformational
changes and are responsible for the observed conformation-depen-
dent isotropic chemical shifts [186]. The 13Ca CSAs of Ala, Val and
Leu in a series of various crystalline peptides of known structure
have also been determined [187]. The magnitudes and orientations
of the principal components of 13Ca and 13Cb CSAs of a L-alanine
single crystal have been reported and these tensors are not axially
symmetric but their values are very small [55]. The direction of the
most shielded d33 axis for Cb and Ca carbons is almost parallel to
the Ca–Cb bond within ±5� and is tilted by 25� from the Ca–N bond,
respectively.

FPT-INDO MO calculations have been performed for Gly and
Ala residues having torsion angles of an a-helix taken from N-
acetyl-N0-methyl glycine amide and N-acetyl-N0-methyl L-alanine
amide, respectively, both of which are hydrogen bonded to two
formamide molecules to reveal the directions of principal compo-
nents of 13C CSA tensors [113,114]. More accurate predictions for
the directions of 13C chemical shift tensor components for Ala Ca
and Cb from the latter were carried out by the GIAO-CHF method
with the 4-31 basis set, as illustrated in Fig. 15 [118]. It was
shown that the direction of the most shielded d33 axis of Ala Cb

lies almost along the Ca–Cb bond for aR-helix, bA-sheet, 3R
10-helix

and the helix near the 31-helix with small deviations of 7.4�,
11.0�, 5.8� and 7.4�, and also that the d11 axis is nearly perpendic-
ular to the plane defined by Cb, Ca, and N atoms in Ala residue
and d22 is parallel to the plane [118]. These results agree with
the experimentally determined direction of d33 of the 13Cb CSA
of L-alanine [50].
3.1.2. 15N CSA
15N CSA principal components and their orientations for a vari-

ety of single crystalline [188–190] and polycrystalline [58,62–
65,126,127,181,182,191–204] peptides reported in the literature
are summarized in Table 6. It is seen that the orientation of d11 lies
approximately close to the N–H bond with a deviation of up to 25�,
d33 lies approximately along the NAC(@O) bond, and d22 is aligned
in the direction perpendicular to the peptide plane (see Fig. 9). The
orientation of the tensor can be also described by the angle that d11

makes with the C0–N bond axis. The d11axis of Ala-[15N]Pro-Gly in a
single crystal, deviates 23� from the N–Ca bond and lies 5� below
the peptide plane, whereas the orientation of d22 is 4� away from
the peptide plane normal and d33 lies approximately in the peptide
plane [189]. The d11 of Ala-[15N]Gly-Gly is 11� out of the peptide
plane defined by accurate heavy atom positions N(Gly-2), Ca(Gly-
2), and C(@O)(Ala-1), and d22 is rotated by 15� away from the pep-
tide plane normal. The most deshielded d11 axis of Gly-[15N]Gly-
Val is 1� out of the peptide plane and is tilted by 23� from the
N–H bond, but the d22 and d33 axes are substantially rotated about
d11 such that d22 is off from the peptide plane normal by 36�. The
possibility of conformation-dependent 15N CSA principal values
for a-helix, 31-helix and b-sheet structures has been examined
for (Ala)n, (Gly)n and Ala- or Gly-residues involved in polypeptides
(Table 7). It appears that the values of d22 of Ala residues, and d11 of
Gly residues are sensitive parameters for distinguishing between
a-helix and b-sheet conformations, but the rest of the components
including Dd are insensitive. In contrast, only the d11 values are
sensitive differences between a-helix and b-sheet conformations.
It is not easy, however, to distinguish the 31-helix from the a-helix
and b-sheet conformations by using 15N CSA information.

The orientations of principal axes for 15N CSA of Boc-GlyGly-
[15N,2H]Gly benzyl ester in triclinic and monoclinic crystalline
phases have been determined from the measured 15N–2H dipolar
coupling[191]. Roberts et al. have determined 15N CSA tensor val-
ues and N–H bond lengths for a few peptides and amino acids
using MAS dipolar/chemical shift experiments as given in Table 6,
and found that N–H distances measured from NMR experiments
are uniformly �0.035 Å longer that those determined from neu-
tron diffraction studies [192]. The principal values of the amide
15N CSA for [15N]-labeled Gly in BocGly, BocGlyAla, Boc GlyPhe,
BocGlyAib and BocGlyProOBzl have been examined in relation
to >NAH. . .O@C< hydrogen bonding [193]. The principal axes of
the 15N CSA for the amide nitrogen were obtained by FPT calcu-



Fig. 15. The calculated 13C chemical shift map of the Cb and Ca carbons of N-acetyl-N0-methyl-L-alanine amide calculated by using the GIAO-CHF method with a 4-31G ab
initio basis sets. The 4-31G optimized geometries for the peptide were employed. (a) riso, (b) r11, (c) r22, and (d) r33 for the Cb carbon (in ppm), and (e) riso, (f) r11, (g) r22, and
(h) r33 for the Ca carbon (in ppm). A positive r means shielding. Reproduced with permission from Asakawa et al. [118]. Copyright 1994 Elsevier.
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lations on N-acetyl-N0-methylglycine hydrogen-bonded to a form-
amide molecule. The d22 axis lies approximately along the
NAC(@O) bond and d33 is aligned in the direction perpendicular
to the peptide plane, which is opposite to the previous assign-
ment [138] but close to the reported experimental data [188]. In-
deed, the d22 and d33 axes can be substantially rotated about the
d11 axis.

It was also shown that d33 in Ala-[15N]Leu is tilted by 17�
away from the N–H bond, and any deviation of the direction
of d33 from the peptide plane would result in an equivalent rota-
tion of the other two principal components of CSA about the N–
H bond axis, and that d11 is tilted by about 20� from the peptide
plane [194]. 15N CSAs of a synthetic peptide c(Gly-D-Pro-Gly-Ala-
D-Pro), labeled with 15N at both the Gly-1 and Ala-4 amide sites
were examined using the 2D PISEMAMAT technique [62]. These
experiments revealed that isotropic 15N resonances of both the
Gly-1 and Ala-4 residues are well-resolved in one frequency
dimension of the 2D spectrum while the full CSA powder pat-
terns can be directly measured in the other dimension.
The relative orientation of a 15N CSA tensor and the N–H bond
vector can be obtained by the 1D MADMAT technique from heter-
onuclear dipolar-coupled powder patterns [63]. This method was
demonstrated on a 15N labeled polycrystalline N-acetylvaline(NAV)
sample, and the simulation of the dipolar-shift powder pattern giv-
ing the 15N CSA tensor parameters of d11 = 235.1 ± 1 ppm,
d22 = 78.3 ± 0.5 ppm, and d33 = 56.9 ± 0.5 ppm, and the angle be-
tween the N–H bond and the least shield axis = 19 ± 2�, assuming
an N–H bond length of 1.07 Å. This method has also been applied
to 15N labeled N-acetylglycine (NAG), in both unoriented and ori-
ented [15N-Gly] collagen samples, and in [15N-Gly-18] [58] and
[15N-Phe-16] [195] magainine 2 samples. These studies demon-
strated that the d33 axis is tilted away from the peptide plane
(a = 25–45�). This simple 1D method was applied under MAS con-
ditions, and the dipolar-shift sidebands were analyzed to yield the
orientation of the 15N CSA tensors [64]. A 15N-labeled NAV poly-
crystalline sample was studied under various MAS speeds ranging
from 0.5 to 2.5 kHz. It was found that the errors in determining the
a angle increased with the spinning speed, which could be attrib-



Fig. 15 (continued)
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uted to the smaller number of sidebands present at a higher spin-
ning speed, while the measured b angle was essentially unchanged
at different spinning speeds (Table 6), where a and b are defined to
be the angle between d11 and the projection of the N–H bond on
the d11–d 22 plane, and the angle between the d33 axis and the N–
H bond.

15N CSA tensors have been determined for the amide fragment
of (Z)-acetanilide and (E)-N-methylacetanilide, revealing striking
variations due to the difference in the orientation of the N-phenyl
substituent with respect to the amide plane [196]. Recently, the
amide-15N CSA tensor of GlyGly was determined by spectral sim-
ulation of the observed 15N chemical shift and 15N–1H dipolar-
chemical shift powder patterns, and its backbone dynamics was
examined by analyzing the 15N line shapes and 13C relaxation
rates [197]. An analytical approach to determine the orientation
of the d11 component of the amide-15N CSA tensor with respect
to the 13C–15N bond in the backbone by observing the dipolar-
coupled 15N chemical shift powder patterns was suggested
[198]. The amide-15N tensors of of all 15 residues in gramicidin
A have been determined from aligned lipid bilayer samples
[199] and used as orientational constraints to evaluate different
models for the channel conformation of gramicidin A. Recently,
the changes in amide 15N CSA of gramicidin A induced by cation
binding were studied using aligned DMPC bilayers [200]. Upon
cation binding, the d11 component of Trp-13 changed significantly,
up to 6 ppm. It was demonstrated that the changes in chemical
shift observables were primarily due to through-bond polariza-
tion by cations, while no significant change in dynamics was
observed.

A new method employing the REDOR technique to obtain the
orientation of a 15N chemical shift tensor relative to a 15N–13C0

bond has been proposed [201]. Using this method on a doubly
15N and 13C0 labeled polycrystalline acetanilide sample, the orien-
tation of the 15N CSA tensors in the molecular frame with respect
to the 15N–13C0 and 15N–1H bond vectors was obtained from a
15N–13C0 REDOR and 15N–1H dipolar-shift MAS experiments,
respectively (see Table 6).

To resolve CSA line shapes of 15N in peptides labeled at multiple
sites, multidimensional solid-state NMR experiments are highly
desirable. A 2D MADMAT method was applied to polycrystalline



Table 6
The amide15N chemical shift tensors of peptides and proteins in the solid state.

Peptides Angle between dii and
X–Y bond axis

d11
a

(ppm)
d22

a

(ppm)
d33

a

(ppm)
Ddb

(ppm)
diso

(ppm)
Remarks Reference

Ac[1-13C]Ala [15N]AlaNH2 d11: 100� from C0–N bond axis 229.4 85.1 44.6 164.6 119.7 15N-dipole coupled powder [190]
Ac[1-13C]Ala [15N]TyrNH2 d11: 98� from C0–N bond axis 209.3 77.1 52.1 144.7 112.8 15N-dipole coupled powder [190]
[1-13C]Gly[15N]GlyHCl d11: 20� from N–H bond axis 210.0 59.8 57.3 151.5 108.9 15N-dipole coupled powder [190]
Gly[15N]Gly d11: 21� from N–H bond axis 222.9 79.7 46.8 159.6 116.5 Dipolar/CS [199]
Gly[15N]GlyH2O d11: 25� from N–H bond axis 223.7 78.9 48.4 160.0 117.0 2D dipolar/CS [140]
Gly[15N]GlyHClH2O 210.2 64.8 59.2 148.2 111.4 2D dipolar/CS [140]
[1-13C]Gly[15N]GlyNH2 d11: 100� from C0–N bond axis 210.6 64.2 40.7 158.2 105.2 15N-dipole coupled powder [190]
[1-13C]Gly [15N]GlyHCl H2O d11: 21.3� from N–H bond axis 215.9

(188.6)
70.9
(43.6)

60.3
(33.0)

150.3 115.7
(88.4)

Single crystal. d: converted [188]

[13C]Ala[15N]Ala d11: 106� away from C0–N bond
axis

215.5 78.1 65.3 143.8 119.6 15N-dipole coupled powder. [182]

Ac[13C]Gly[15N]AlaNH2 d11: 100� away from C0–N bond
axis

229.4 85.1 44.6 164.6 119.7 15N-dipole coupled powder. [182]

[13C]Gly[15N]GlyHCl d11: 99� away from C0–N bond
axis

210.0 59.8 57.3 151.5 109.0 15N-dipole coupled powder. [182]

Ac[13C]Gly[15N]GlyNH2 d11: 100� away from C0–N bond
axis

210.6 64.2 40.7 158.2 105.2 15N-dipole coupled powder [182]

Ac[13C]Gly[15N]TyrNH2 d11: 98� away from C0–N bond
axis

209.3 77.1 52.1 144.7 112.8 15N-dipole coupled powder. [182]

BocGlyGly[15N,2H]GlyOBzl
1. monoclinic form
2. triclinic form

1. d11: 22� from N–H bond axis 227.2
(157.2)

66.3
(318.1)

59.3
(325.1)

164.4 117.6 Proton decoupled 15N NMR. d:
converted

[191]

2. d11: 24� from N–H bond axis 224.6
(159.8)

87.6
(296.8)

40.6
(343.8)

160.5 117.6

Ala[15N]Leu d11: 17� from N–H bond axis 217 77 64 83 119.3 15N-dipole coupled powder. [194]
N-acetyl[15N]glycine d11: 25.5� or 154.5o from the N–H

bond axis
220.4 82.8 37.0 160.5 113.4 1H-15N dipolar 15N

chemical shift NMR
[58]

[15N] collagen powder d11: 24.5� or 155.5�from the N–H
bond axis

223.4 67.0 42.3 168.8 110.9 1H-15N dipolar 15N
chemical shift NMR

[58]

[15N-Gly-18]magainin 2 Angle b:22� ± 1�; a: 30� ± 19� 218.0 75.4 45.0 157.8 112.8 1H-15N dipolar 15N
7chemical shift NMR

[58]

[15N-Phe-16]magainin 2 Angle b: 22� ± 3�; a: 45� ± 15� 220 80 55 148.9 118 1H-15N dipolar 15N
chemical shift NMR

[58]

[15N] collagen oriented d11: 24.5� from the N–H bond axis 223.4 67.0 42.3 168.8 110.9 1H-15N dipolar 15N
chemical shift NMR

[58]

[1-13C]glycyl2 [15N]alanyl3-
gramicidin A

d11: 104� from C0–N bond axis 228.8
(206)

85.4
(63)

59.4
(37)

156 124.5 15N chemical shift powder
pattern. d: Converted

[198]

[1-13C]alanyl3-D-
[15N]leucyl4-gramicidin A

d11: 105� from C0–N bond axis 223.4
(201)

86.4
(64)

55.4
(33)

152.5 121.7 15N chemical shift powder
pattern. d: converted

[198]

[15N]Gly-D-Pro-Gly-[15N]
Gly-1
Ala-D-Pro Ala-4

Angle b: 25�; angle a: 0�; angle b:
18�; angle a: 0�

207
220

77.3
80

57
73

139.8
143.5

113.8
124.3

3D solid state NMR, 1H
homonuclear spin
exchange

[62]

GlyPro-D-Leu- [15N]Gly d33: parallel to C0–N bond axis 205.3 39.7 54.3 158.3 99.8 Dipolar coupled 15N
powder pattern

[140]

Gly-[15N]Gly d33: parallel to C0–N bond axis 204.7 56.5 26.1 163.4 95.9 Dipolar coupled 15N
powder pattern

[140]

Val-[15N]GlyGly d33: parallel to C0–N bond axis 199.6 62.5 19.9 158.4 94.0 Dipolar coupled 15N
powder pattern

[140]

ValGly-[15N]Gly d33: parallel to C0–N bond axis 203.3 54.9 18.7 166.5 92.3 Dipolar coupled 15N
powder pattern

[140]

Tyr-[15N]GlyGlyPheLeu d33: parallel to C0–N bond axis 194.2 46.0 10.0 166.2 83.4 Dipolar coupled 15N
powder pattern

[140]

AcPro–[15N]GlyPhe d33: parallel to C0–N bond axis 190.7 33.9 20.5 163.5 81.7 Dipolar coupled 15N
powder pattern

[140]

Ala-[15N]ProGly d11: 23� from C0–N bond axis 231 127 38 148.5 132 Single crystal.15N NMR [189]
Ala-[15N]GlyGly d11: 11� out of peptide plane and

d22:
rotated by 15� from
peptide plane normal. N–H
bond vector deviates 12�

from peptide plane.

207 59 48 153.5 105 Single crystal.15N NMR [189]

Gly-[15N]GlyVal d11: 23� from N–H bond axis 218 63 53 160 111 Single crystal.15N
NMR

[189]

N-AcVal Leu 2D magic angle
decoupling and MAT

[202]

Val Angle b:20� ± 2�; a: 34� ± 12� 230.1 87.1 60.2 156.0 125.7
Leu Angle b:18� ± 2�; a: 36� ± 11� 232.8 93.7 58.7 156.5 128.4
[15N-Leu-19]paradaxin Angle b:20� ± 3�; a: 30� ± 15� 224.4 76.9 52.3 159.8 117.4 2D magic angle

decoupling and MAT
[202]

[15N-Leu-19]SA peptide Angle b: 20� ± 3�; a: 30� ± 15� 221.4 76.9 51.0 156.0 117.0 2D magic angle decoupling
and MAT

[202]

a d11 > d22 > d33.d11 is most deshielded component and d33 the most shielded component. d: Relative to liquid NH3.
b Dd = d33 � (1/2)(d11 + d22).
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Table 7
Conformation-dependent changes of 15N CSA for some polypeptides.

Sample Conformation d11 (ppm) d22 (ppm) d33 (ppm) Dd (ppm) diso (ppm) Remarks Reference

(Ala)n a-Helix 225 75.5 50 158 119.9 Static, 15N CP [126]
(Ala)5 b-Sheet 222 82.8 65 148 123.3 Static, 15N CP [126]
(Ala*,Leu)n a-Helix 225 78. 56 158 119.7 Static, 15N CP [126]
(Ala*, Asp(OBzl))n a-Helix 229 79.8 59 160 122.6 Static, 15N CP [126]
(Ala*, Glu(OBzl))n a-Helix 227 77.8 60 158 121.5 Static, 15N CP [126]
(Ala*, Glu(OMe)n a-Helix 226 79.2 58 157 121.0 Static, 15N CP [126]
(Ala*,Val)n a-Helix 222 74.2 63 154 119.7 Static, 15N CP [127]
(Ala*,Val)n b-Sheet 223 83.5 56 153 120.8 Static 15N CP [126]
(Ala*Ile)n b-Sheet 221 84.1 61 149 122.1 Static, 15N CP [126]
(Ala*

D-Ala)n aL-Helix 219 76.2 57 153 117.6 Static, 15N CP [127]
(Ala*Gly)n a-Helix 223 78.5 57 155 119.7 Static, 15N CP [127]
(Ala*Gly)n b-Sheet 221 80.7 58 152 119.9 Static, 15N CP [127]
(Ala*,Sar)n 219 83.3 58 148 120.1 Static, 15N CP [127]
(Gly)n b-Sheet 206 61.4 46 152 104.2 Static, 15N CP [48]
(Gly)n 31-Helix 215 62.8 50 158 109.2 Static, 15N CP [48]
(Gly*, Ala)n a-Helix 213 57.6 45 162 104.9 Static, 15N CP [48]
(Gly*,Leu)n a-Helix 211 61.7 46 157 106.0 Static, 15N CP [48]
(Gly*, Glu(OBzl))n a-Helix 211 61.2 48 156 106.5 Static, 15N CP [48]
(Gly*,Lys(Z))n a-Helix 209 69.2 41 154 106.1 Static, 15N CP [48]
(Gly*,Leu)n b-Sheet 207 66.2 41 153 104.4 Static, 15N CP [48]
(Gly*,Val)n b-Sheet 204 74.6 40 147 105.8 Static, 15N CP [48]
(Gly*,Ile)n b-Sheet 210 68.3 46 153 108.5 Static, 15N CP [48]
(Gly*, Asp(OBzl))n b-Sheet 209 71.5 40 153 106.7 Static, 15N CP [48]
(Gly*,Sar)n 205 65.8 39 152 103.1 Static, 15N CP [48]
(Asp(OBzl)n aR-Helix 205 52.8 39 159.1 98.9 Static, 15N CP [128]

aL-Helix 201 48.3 41 156.4 96.8 Static, 15N CP [128]
xL-Helix 202 47.4 40 158.3 96.3 Static, 15N CP [128]
b-Sheet 203 56.4 41 154.3 100 Static, 15N CP [128]
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N-acetylvaline (NAV) and N-acetylvalylleucine (NAVL) samples
[202] to obtain a correlation of the 15N CSA with the isotropic
chemical shift (Fig. 16). Another 2D method that correlates isotro-
pic chemical shifts by fast MAS and amplified spinning sidebands
by rotor synchronized p pulses has been developed [203]. This
experiment has a high sensitivity due to the fast spinning, while
the rotor-synchronized p pulses effectively reduce the effect of
the spinning speed in the indirect dimension.

It is interesting to examine a possible conformation-dependent
anisotropic 15N chemical shift of Ala- or Gly-residues involved in
Fig. 16. (a) Correlation of 15N CSA and isotropic shifts of polycrystalline NAVL recorded
obtained from slices of the triple-echo MAT 2D spectrum at 9.4 T. Reproduced with per
either the a-helix or b-sheet conformation of polypeptides as sum-
marized in Table 7 [48,125,126]. It is noteworthy that the values of
d22 of the 15N nuclei in b-sheets are more displaced downfield as
compared with those in an a-helix: they are 80–85 ppm (b-sheet)
and 74–80 ppm (a-helix) for Ala residues. 15N isotropic (diso) and
15N CSA tensor components of 15N-labeled PBLA taking the aR-he-
lix, aL-helix, xL-helix and antiparallel b-sheet conformations in the
solid-state have been reported. It was shown that d22 values are
significantly changed depending on the conformation of the pep-
tide [128].
by the 2D MADMAT method at 40.59 MHz. (b) and (c) 15N CSA powder patterns
mission from Lee et al. [202].
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Amide-15N CSA tensors for several dipeptides, as well as for a
series of model Ala-X and X-Ala sequences in both a-helical and
b-sheet conformations (where X is one of the naturally occurring
amino acids) have been investigated by quantum chemical calcula-
tions [204]. The tensor of a 15N shifts in a given peptide residue is
unaffected by residues other than those adjacent to it, which im-
plies that the amide-15N CSA tensor should be considered in the
context of tripeptide sequences. DFT-IGLO calculations have been
performed for shielding tensors of a glycyl–glycine dipeptide
[205]. The d11 component of the amide-15N CSA tensor is always
tilted (18–22�) from the N–H bond for a variety of selected confor-
mations considered.

3.1.3. 17O CSA
It is not easy to record the full 17O NMR spectrum of a solid, be-

cause of the widely spread signals produced by large quadrupolar
interactions (spin quantum number 5/2), and its low natural abun-
dance (0.037%), even if spectral regions arising from the central (1/
2 M �1/2) transition alone are observed. Nevertheless, several at-
tempts to record solid-state 17O NMR have been made with an
emphasis on attempts to elucidate the hydrogen-bonded structure
of peptides and polypeptides [206–218]. 17O enrichment [206–
211,216,217] together with higher-frequency solid-state NMR
techniques are necessary to overcome the detection problems
[219]. Indeed, acquisition of solid-state NMR spectra of quadrupo-
lar nuclei at very high magnetic fields (25 and 40 T) has been
shown to improve the spectral sensitivity and resolution substan-
tially. Excellent review articles on this subject are available
[33,213].
Fig. 17. Static 36.6 and 67.8 MHz 17O CP NMR spectra of (Ala)n (a) with the a-helix fo
computer simulations (bottom traces). Reproduced with permission from Takahashi et
3.1.3.1. CSAs and quadrupolar interaction. To unambiguously deter-
mine eight NMR parameters in Eq. (23) from spectra with large CSA
and quadrupolar interactions, it is essential to record 17O spectra
for at least two different resonance frequencies. For instance, quite
different spectral features are available from the static 17O cross-
polarization spectra of [17O](Ala)n (Fig. 17) and [17O](Gly)n, taking
the a-helix, b-sheet or 31-helix conformations recorded at 36.6
and 67.8 MHz [206,209,210]. The eight parameters were obtained
by applying a curve-fitting procedure to the experimental spectra,
and the results are summarized in Table 8. Static 17O NMR spectra
of the central Gly residues in two single crystalline 17O labeled
Gly*GlyVal (GGV) and Ala*GlyGly (AGG) were measured, where
*Gly indicates 17O labeled Gly [218]; the determined tensor orien-
tations in the two peptides are very similar but the principal com-
ponents are different. The most shielded CSA and smallest
magnitude quadrupolar coupling (QC) components are normal to
the peptide plane, while the most deshielded CSA and largest QC
components are in the peptide plane either at an angle of 17�
(CS) or perpendicular (QC) to the C@O bond (see Fig. 9). Compari-
sons of principal components from experiments and DFT calcula-
tions indicate that the smaller shielding tensor span in GGV
(549 ppm) compared to that observed in AGG (606 ppm) is likely
caused by two factors: a shorter ‘‘direct” H-bond distance to the
peptide carbonyl oxygen and an ‘‘indirect” H-bond of the peptide
NH to a carboxylate rather than a carbonyl oxygen. It was pre-
dicted by a FPT-MNDO-PM3 MO calculation that d22 lies approxi-
mately along the amide C@O bond, that d11 is aligned in the
direction perpendicular to the C@O bond in the peptide plane,
and that the most shielded component d33 is along the direction
rm (n = 100) and (b) the b-sheet form (n = 5) in the solid state together with the
al. [209]. Copyright 1998 Elsevier.



Table 8
The 17O chemical shift tensors of peptides and amino acids in the solid state.

d11
a ppm d22

a ppm d33
a ppm Ddb ppm diso ppm e2qQ/h MHz gQ Remarks Reference

(Ala)n and oligopeptides
(Ala)n a-Helix 595 435 �121 438 303 9.28 0.38 Static/ 36. 67.8 MHz [209]

319 8.59 0.28 MAS/108.6 Hz [210]
b-Sheet 514 390 �110 373 265 8.65 0.41 Static/ 36. 67.8 MHz [209]

286 8.04 0.28 MAS/108.6 Hz [210]
[17O]-D-Ala O1 275 7.6 0.60 MQMAS/ 6 78 MHz;17O in two different sites [211]

O2 262 6.40 0.65

L-Ala O1 284 7.86 0.28 MAS/ 81.3 MHz [214]
O2 260. 6.53 0.70

L-Ala HCl O1 (C@O) 327.8 8.31 0.0 MAS/81.34 MHz [214]
O2 (OH) 176.7 7.29 0.2

fmoc-Ala O1 303.3 7.89 0.16 MAS/81.34 MHz [214]
O2 175.7 6.95 0.12

17O-[Ala12] WALP23 lyophilized 317 8.45 0.21 MAS/ 81.3 & 108.419 MHz [212]
DSPC vesicle 311 8.42 0.21 MAS/81.34 & 108.419 MHz [212]
Hydrated DSPC vesicle 315 8.55 0.24 MAS/81.34 & 108.419 MHz [212]

Ala[17O]AlaAla Anti-parallel b-Sheet 302 8.7 0.40 MAS/126 M z NMR. Two forms have two unique
molecules the unit cell.

[226]
270 8.7 0.35

Parallel b-sheet 293 8.7 0.35
293 8.7 0.35

(Gly)n and oligopeptides
[17O] (Gly)n b-Sheet 574 425 �101 412 299 8.55 0.26 static 36.6 4.2 & 67.8 MHz NMR [207]

304 8.36 0.30 MAS/108.6 Hz NMR [210]
31-Helix 562 410 �108 411 288 8.30 0.29 static 36.6 4.2 & 67.8 MHz NMR [207]

293 8.21 0.33 MAS 108.6 Hz NMR [210]
Gy[17O]-Gy 562 382 �132 421 265 8.55 0.45 static 36.6 4.2 & 67.8 MHz NMR [207]
Gy[17O]GlyHNO3 559 408 �127 418.5 280 8.75 0.47 static 36.6 4.2 & 67.8 MHz NMR [207]
GlyHCl O1 (C@O) 336 8.4 0.0 MAS 81.34 Hz NMR [214]

O2 (OH) 185 7.6 0.25
17O-[D-Leu] Gramicidin A lyophilized 490 400 �35 307.5 285 8.0 0.3 MAS and s ic 122 MHz NMR [220]
Gly[17O]-GlyGly 533 420 �50 348 301 8.2 0.28 MAS and s ic 113 MHz NMR [216]
Gly[17O]-GlyGly CaCl2 427 337 �24 270.5 247 7.4 0.70 MAS and s ic 113 MHz NMR [216]
Gly[17O]-GlyGly LiBr 453 365 �43 292 258 7.5 0.32 MAS and s ic 113 MHz NMR [216]
Gly[17O]-GlyGly HCl 535 395 �52 363.5 293 7.9 0.48 MAS and s ic 113 MHz NMR [216]
Gly-[17O]-GlyVal d11: 17� from C@O bond axis 526 388 �23 343.5 297 Single crys l. Static/ 67.15 MHz; Powder

MAS/81 M & static 122 MHz NMR
[218]

Ala-[17O]-GlyGly d11: 17� from C@O bond axis 546 405 �60 373.5 297 Single crys l; static/67.15 MHz; powder
MAS/81 M & static 122 MHz NMR

[218]

a d11 > d22 > d33.d11 is most deshielded component and d33 the most shielded component. d: relative to liquid water.
b Dd = d33-1/2(d11 + d22).
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perpendicular to the peptide plane [206,207]. This assignment for
the directions of d11 and d22 is opposite to that determined from
a single-crystal NMR measurement [219]. This shows that the
MNDO-PM3 semi-empirical MO method for the prediction of the
direction of the principal axes may be an insufficient approxima-
tion for the carbonyl oxygen with lone-pair electrons to obtain
accurate direction for the principal axes [207].

3.1.3.2. High field and fast-speed MAS. By employing high-speed
MAS at high field, 17O spectra can be obtained from which one
can obtain three NMR parameters, namely, the isotropic chemical
shift diso, the quadrupole coupling constant e2qQ/h and gQ (Eqs.
(24) and (28)). It is easy to determine these three NMR parameters
from a high speed MAS/high field 17O spectrum as compared with
use of the static 17O spectrum, because the influence of quadrupo-
lar interactions becomes extremely small in the high speed MAS/
high field 17O spectrum. Indeed, 17O MAS spectra of a solid (Ala)n
Fig. 18. 17O MAS NMR spectra of [17O]Ala12-WALP23 in hydrated DSPC vesicles at
14.1 and 18.8 T at room temperature. (a) At 14.1 T, spinning at �15 kHz with
simulation (the continuous line). (b) at 18.8T, spinning at �22 kHz with simulation
(the continuous line). The spinning sidebands are marked by the asterisks.
Reproduced with permission from Lemaı̂tre et al. [212].
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Fig. 19. 1H-decoupled 17O MAS NMR spectra of 17O-[D-Leu10]-gramicidin A uniforml
[220].
(n = 100; a-helix) and (Ala)n (n = 5; b-sheet) at 54.2 and
67.8 MHz spun at 15 kHz showed that the center-band signal is
separated from the side-band signals at the latter frequency, allow-
ing to determine more accurate values for the isotropic chemical
shifts, quadrupole coupling constants and asymmetry parameter
[207]. The center-band linewidth at 54.2 MHz is broadened com-
pared with that at 67.8 MHz, because the center-band linewidth
is proportional to x2

Q=x2
L , where xL is the Larmor frequency and

xQ is proportional to the square of xq (= e2qQ/h) as shown in Eq.
(23). Therefore, high-frequency NMR measurements are needed
for a 17O MAS experiment, together with fast-speed MAS. The
108.6 MHz 17O MAS NMR spectra of a solid (Ala)n with a-helix
(n = 100) and b-sheet form (n = 5) and (Gly)n I (b-sheet) and II (31

helix) were recorded using a spinning rate of 25 kHz [209,210].
High field/fast speed 17O MAS spectra of a selectively labeled

transmembrane peptide (17O-[Ala12]-WALP23) (examined as a
lyophilized powder incorporated in hydrated vesicles) were re-
corded at frequencies 81.345 and 108.419 MHz, spun at 11–
22 kHz, as illustrated in Fig. 18 [212]. Here, WALP23 is a synthetic
peptide which represents a consensus sequence for transmem-
brane protein segments. A single resonance was centered at
�280–300 ppm from the single label at alanine-12. The decrease
of the second-order quadrupole broadening and the associated in-
crease in spectral resolution with increasing applied magnetic field
is clearly evident. The observed 17O NMR parameters are consistent
with those of poly(L-alanine) with the a-helix conformation [210].

The effect of Li+1 and Ca2+ binding to the carbonyl oxygen sites
of a model Gly(17O-Gly)Gly peptide system was studied by a com-
bination of stationary and fast MAS at a high magnetic field 19.6 T
[216]. It was shown that the ion binding leads to significant upfield
shift in d11 and d22 in the peptide plane and, thus, to significant up-
field shift in the diso, together with a decrease in the quadrupole
coupling constants of up to 1 MHz. 17O MAS and static NMR spectra
of a lyophilized 17O-[D-Leu10]-gramicidin A (gA) sample were re-
corded and simulated with a set of parameters to elucidate the ori-
entation of gA in uniformly aligned DMPC bilayers [220] (Fig. 19). It
was found that the carbonyl 17O anisotropic chemical shift of
Leu10, one of the three carbonyl oxygens contributing to the ion
binding site in gramicidin A, is altered by 40 ppm when K+ ion
binds to the channel, demonstrating a high sensitivity to such
interactions. Moreover, considering the large range of the carbonyl
17O chemical shift (>500 ppm), the recording of anisotropic17O
chemical shifts in bilayers aligned with respect to the magnetic
field B0 offers high-quality structural restraints similar to 15N and
13C anisotropic chemical shifts.

2D 17O multiple quantum MAS (MQMAS) NMR spectra for ami-
no acids, [17O2]-D-alanine, [17O4]-D,L-glutamic acid�HCl and other
17O labeled organic compounds, have been recorded at
67.78 MHz and 14.5 kHz MAS using rotor synchronized aquisition,
were recorded [211] with a z-filter pulse sequence [221]. There are
two magnetically distinct alanine oxygen sites (O1 and O2) sites in
y aligned in DMPC bilayer at 21 T. Reproduced with permission from Hu et al.
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Table 9
The amide 1H chemical shift tensors of peptides in the solid state.

Peptides Angle between dii and N–H
bond (degree)

d11
a

(ppm)
d22

a

(ppm)
d33

a

(ppm)
Ddb

(ppm)
diso

(ppm)
Remarks Reference

Ac D,L-
Valine

d33: Aligned with N–H bond
axis

15.6
(14.9)

11.9
(18.6)

0.4
(30.1)

13.4 9.3 Single crystal. 2H NMR. d in the brackets is absolute
shielding

[227]

Ala[15N]Leu d33: Collinear with N-1H
bond axis

17 8 3 9.5 9.3 3D solid-state NMR [194]

a d11 > d22 > d33. d11 is most deshielded component and d33 the most shielded component. d: Relative to TMS.
b Dd = d33 � (1/2)(d11 + d22).
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which O1 is involved in only one C@O. . .HAN hydrogen bond
(hydrogen-bond length between O1 and H atoms
(RO. . .H) = 1.242 Å) and O2 is involved in two hydrogen bonds
(RO. . .H = 1.258 Å). The NMR parameters for the examined amino
acids show a wide variation of diso, from 83 to 353 ppm, e2qQ/h,
from 6.4 to 8.6 MHz, gQ, from 0.0 to 0.9. 17O NMR spectra of L-ala-
nine and Glycine�HCl with high resolution (�1 ppm) were obtained
by combining 1H-decoupled double-rotation (DOR), which narrows
the lines by a factor of �100 compared to conventional MAS, and
manipulation of the satellite transition populations to transfer
magnetization to the central transition, which produces a signal
enhancement of �2 [222]. 17O NMR of some other amino acids
have also been examined [223–225].

17O MAS spectra at 21.8 T (126 MHz) and 20 kHz MAS have
been reported for two kinds of Ala-[17O]Ala-Ala one with parallel
(P) and the other with anti-parallel (AP) b-sheet structures [226].
The (diso, e2qQ/h and gQ) values are (O1: 302 ± 5 ppm,
8.7 ± 0.5 MHz, 0.40 ± 0.1; O2: 270 ± 5 ppm, 8.7 ± 0.5 MHz,
0.35 ± 0.1) and (O1: 293 ± 5 ppm, 8.7 ± 0.5 MHz, 0.30 ± 0.1; O2:
293 ± 5 ppm, 8.7 ± 0.5 MHz, 0.30 ± 0.1) for P and AP b-sheet struc-
tures, respectively. Calculated values of these parameters obtained
using the DFT method were found to be in good agreement with
those obtained from the spectra.
3.1.4. 1H CSA
The principal values and axes for the amino-1H chemical shift

tensor of Ac-D,L-valine single crystal have been reported[227]. They
were obtained from the 2H amide CSA tensor obtained on a sample
in which the amide and carboxyl protons had been exchanged with
deuterons. The 1H shielding tensor was obtained by converting
from the 2H amide chemical shift tensor and taking into account
the isotope effect between proton and deuteron. The determined
absolute 1H shielding tensor components summarized in Table 9
were obtained by converting the data relative to TMS by using a
value for the absolute shielding of TMS of 30.5 ppm. The directions
of the principal axes were also determined: d33 is aligned with the
N–H bond axis with a deviation of 9� and d11is perpendicular to the
peptide plane with a deviation of 11� (see Fig. 9). The direction of
Fig. 20. Plots of the experimental 13C chemical shift tensor components for (a) d11, (b) d22

(s) residues in peptides against the hydrogen-bond length (RN. . .O). The experimental e
Kameda et al. [114]. Copyright 1996 Elsevier.
the most shielded amide 1H d33 of 15N labeled Ala-15N-Leu is collin-
ear with the N–H bond and the orientations of the 1H and 15N ten-
sors are related by the Euler angles 45�, 90� and 75� from the
analysis of the 2D 1H chemical shift–15N chemical shift correlation
spectrum [194].

The flip-flop Lee–Goldburg (FFLG-2) homo-nuclear dipolar
decoupling method combined with a 12-kHz MAS save signals
with better resolution from amide-proton directly bonded to the
amide-14N for Gly containing peptides [164]. By using the same
method, high resolution 1H spectra of nylon 4 as a kind of polya-
mides have been measured by changing temperature to 214 �C
and then the structural behavior has been studied [228]. The use
of a continuously phase-modulated homonuclear decoupling se-
quence DUMBO-1 gave well resolved proton spectra both at slow
and fast MAS conditions for L-alanine amino acid, Ala-Asp dipep-
tide and cyclosporin A [229]. In the case of L-alanine, a proton line
width of less than 0.5 ppm was obtained under DUMBO-1
decoupling.

3.1.5. CSA can reveal the geometry of hydrogen bonding
The values of d22 for the amide 13C0 of Gly, Ala, Leu and Asp-con-

taining peptides in the solid-state were found to vary with the
hydrogen-bond length (RN. . .O), as illustrated in Fig. 20, by a similar
relationship to that of the isotropic 13C chemical shift (Eq. (34)):

d22 ðppmÞ ¼ a� bRN...O ðÅÞ; ð41Þ

where the coefficients a and b were readily estimated from plots of
the experimental values of the d22 [42,114,115]; the d11 and d33 are
insensitive to changes in RN. . .O. This approach was extended to eval-
uate the RN. . .O value for the guest 13C-labeled Gly residue as the 5–
8% minor amount incorporated into host polypeptides (Ala, Gly*)n

taking the aR-helix as the major form [114,115,184]. The RN. . .O val-
ues in the guest Gly residue in some host polypeptides have been
determined using Eq. (41). The RN. . .O values of the guest Gly residue
in (Gly*,Leu)n and (Gly*,Ala)n are very close to those of the host poly-
peptides. This indicates that the guest Gly residue is completely
incorporated into host polypeptides with an aR-helix or a b-sheet
conformation.
and (c) d33 for the amide carbonyl carbon in Gly (�), Ala (j), Val (h), Leu (D) and Asp
rrors of d11 and d33 are indicated by an error bar. Reproduce with permission from
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Further, the conformational stability of the aR-helix and xL-
forms was analyzed through the RN. . .O values in guest 13C labeled
Gly residues that were incorporated into host (b-benzyl L-aspar-
tate)n [PBLA; (Asp(OBzl))n] [114,115]. It was shown that the former
is longer by 0.07 Å than the latter. This means that the hydrogen
bond for the aR-helix form is somewhat stronger than that for
the xL-form, and thus the aR helical stability is somewhat higher
than xL helical stability. The 13C-labeled Ala residue incorporated
into PBLA with various conformations [230–232] show displace-
ment of the 13C chemical shift of the Cb-carbon on changing tem-
perature, which indicates significant conformational changes of
PBLA [233].

The diamagnetic contribution to d33 for Ala Ca is mainly affected
by changes in the main-chain torsion-angles but also by the hydro-
gen-bonding structure, especially in the comparison between the
aR-helix and the bA-sheet main-chain torsion-angles [117,186].
This comes from the interaction between the atomic-orbitals
aligned to the d33 axis and the n-orbital (for lone-pair electrons)
that is spread around the outside of the carbonyl bond.

The inclusion of intermolecular effects such as hydrogen bond-
ing in the ab initio calculations of CSA tensors of 13Ca in peptides
provides a better agreement between the calculated and experi-
mental values [234].

The protonation state of the amide carboxyl group of amino
acids and peptides in the solid-state can easily be evaluated by
13C CSA tensors but not by isotropic shifts, and the substantial var-
iation in the d22 element for both protonated and deprotonated
forms is shown to be a result of the hydrogen bonding [235].

Behavior of the 15N isotropic shifts and 15N CSA tensors of the
Gly amide nitrogen nuclei in various 15N-labeled glycylglycine
(X-Gly1Gly2) sequence peptides (where Gly1 is 15N-labeled and X
is some other amino acid) in the crystalline state have been studied
[137], in order to relate the shift tensors with aspects of the hydro-
gen-bonded structure such as the hydrogen-bond length RN. . .O

and/or the N–H bond length. The 15N CSA components of 15N-la-
beled BocGlyY dipeptides (Y: amino acid residues other than Gly)
with an RN. . .O range of 2.95–3.08 Å were measured, in which some
effect of the amino acid residues X on the 15N chemical shift of the
amide-nitrogen for the Gly residue can be neglected [138]. The
experimental values of d33 move linearly downfield with a de-
crease in RN. . .O, while the experimental values of d11 and d22 are
approximately independent of RN. . .O. FPT INDO calculations were
used to explore the effect of a change of the hydrogen bond angle
h, and it was shown that the values of d33 are relatively insensitive
to a change in h, but those of d11 and d22 are relatively sensitive to a
change in h.

The N–H bond lengths of the fully 15N-labeled (Ala)n in the b-
sheet form has been shown to be 0.03 Å longer than that in the
a-helix form from measurements of 15N–1H dipolar couplings ob-
tained from 1H CRAMPS experiments [236].

3.2. CSA values of nuclei in solid-state globular and fibrous proteins

CSA recovery MAS experiments enable the measurement of CSA
values of nuclei in individual amino acid residues in large molecu-
lar systems. The CSA values of 13C at multiple sites in selectively
and extensively 13C-labeled and uniformly 15N-labeled ubiquitin
(the 76 residue protein) have been measured by reintroducing
them under MAS using a train of 180� pulses in which the second
half of the pulse train is displaced with respect to the first half
[237]. The 2D CSA-filtered 15N–13C 2D correlation spectrum at a
delay of half a rotor period corresponds predominantly to 13C nu-
clei in a-helical residues which have smaller CSA values for Ca
CSAs than those in the sheet residues. The helical CSA values ob-
tained in this way for 13C in helical structure are significantly larger
than the values estimated by solution NMR studies [238].
The CSA values of 13C in several peptides and (Ala)n were deter-
mined by 1D CPMAS and 2D PASS NMR experiments [187]. The car-
bonyl 13C CSA tensor was found to correlate with the backbone
hydrogen bond distance. The 13Ca CSA tensors of alanine residues
have a small dependency on the protein secondary structure and
can vary from 20 to 30 ppm. For alanine and leucine, which are
not branched at the b-carbon, the values of CSA span (X) are large,
about 30 ppm, independent of whether the residues adopt a helical
or a sheet conformation. In contrast, the CSA values (Dr) obtained
from solution NMR data for alanine, valine and leucine residues in
proteins show major differences, with helical residues having Dr
values of �6 ppm while sheet residues have Dr 	 27 ppm.

The orientation of 13Ca CSA tensors was obtained under MAS by
modulating a recoupled CSA pattern with various dipolar couplings
[239]. These dipolar coupling modulated CSA spectra are equiva-
lent to the projection of a 2D static separated-local-field spectrum
onto its chemical shift dimension [240], except that its dipolar cou-
pling frequency dimension is multiplied with a modulation func-
tion. It was demonstrated that both 13C–1H and 13C–15N dipolar
couplings can modulate the CSA spectra of the Ca site in an amino
acid and yield the orientations of the chemical shift principal axes
relative to the C–H and C–N bonds. The magnitude of the Ca chem-
ical shift tensors in two peptides with a-helical torsion angles was
determined using the SUPER sequence under MAS [84] for the Ala
residue in G*AL (/ = �65.7�, w = �40�) and Val residue in GG*V (/
= �81.5�, w = �50.7�) [241]. The helical Ala Ca chemical shift tensor
has a span of 36 ppm and an asymmetry parameter of 0.89. Its r11

axis is 116 ± 5� from the Ca–Ha bond while the d22 axis is 40 ± 5�
from the Ca–N bond. The 13CaCSA tensor of Val has an anisotropic
span of 25 ppm and an asymmetry parameter of 0.33, both are
much smaller than the values measured for a b-sheet Val [239].
The d33 axis in Val is tilted by 115 ± 50� from the Ca–Ha bond
and 98 ± 5� from the Ca–N bond.

A recent study reported 13C and 15N CSA measurements from a
uniformly 15N, 13C labeled microcrystalline protein (the 56 residue
b1 immunoglobulin binding domain of protein G, GB1) using a 3D
experiment incorporating ROCSA [242–244]. This 3D experiment
correlating CSA powder line shape with isotropic chemical shifts
enabled 127 site-specific CSA measurements to be made [242].
The displayed ‘‘triple plot” illustrates the CSA tensor for the Ca res-
onances of the Gly and Ala residues of GB1 (Fig. 21), and compares
experimental values with calculated based on the GB1 crystal
structure. While there is little change in the span of these tensors,
there are important overall shifts of the principal elements. The
residue G14, for example, resides in a turn, whereas G38 is posi-
tioned at the transition between the a-helix and the b3-strand,
as clearly seen from the corresponding displaced principal values
in the d11 and d22 (see Fig. 21b). The residue A20, in a reverse b-
turn, displays an upfield Ca isotropic shift due to d33, which shows
a larger variation relative to the helical Ala residues. Determination
of 91 independent 15N CSA tensors at 51 of the 55 backbone amide
sites was also achieved by ROCSA measurements based on resolved
15N–13Ca and/or 15N–13C0 cross peaks [243]. A systematic variation
between b-sheet and a-helix residues were also observed; the
average value for the anisotropy parameter d for a-helical residues
is 6 ppm greater than that of b-sheet residues. High-quality slow-
MAS spectra were acquired in a relatively simple experiment
employing a diluted 13C labeling scheme for GB1, in combination
with triple-resonance experiments based on a 15N–13C correlation
method at a high magnetic field [244]. The average value of d (15N)
analyzed by the Herzfeld-Berger method throughout the protein is
�109 ppm, slightly smaller in magnitude for b-sheet residues
(�106 ppm) and larger (�115 ppm) for a-helix (Fig. 22a). The mea-
sured values for the carbonyl CSA tensors show trends as a func-
tion of secondary structure and isotropic chemical shift, with an
average d(13C0) over the entire protein of �79.3 ppm, �83.5 ppm



Fig. 21. (a) ROCSA Ca powder patterns (solid line) obtained at 11.7 T with best
simulations (dotted). (b) Plot of the principal components of Ca CSA tensors for all
Gly and Aa residues in GB1. Experimental and theoretical data are shown as closed
circles and diamonds, respectively. Reproduced with permission from Wylie et al.
[242].
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for helical and �77.7 for b-sheet residues (Fig. 22b). The asymme-
try parameter g has a greater dependency on the secondary struc-
ture, with an average of 0.53 in a-helical and 0.72 in b-sheet
residues (Fig. 22c). Variations in the isotropic chemical shift are
highly correlated with the dyy tensor element (Fig. 22d).

3.3. CSA values for 13C, 15N and 1H in globular proteins in solution

The residue-specific CSA data in proteins are also available from
solution NMR: 15N relaxation times are utilized, based on a ratio of
g/R2 of the cross correlation (g) between 15N CSA and 15N–1H dipo-
lar interaction and of the rate of 15N transverse relaxation (R2)
[21,245–247], relying on a ‘‘model-free” approach for the interpre-
tation of magnetic resonance relaxation [248]. Because the depen-
dence of the spectral density function J(x) of the cross correlation
rate, g, between 15N CSA and 15N–1H dipolar interaction,

g ¼ dc½4Jð0Þ þ 3JðxNÞ�P2ðcoshÞ; ð42Þ

and of the rate, R2, of 15N transverse relaxation,

R2 ¼ ð1=2Þðd2 þ c2Þ½4Jð0Þ þ 3JðxNÞ� þ PHF þ Rex; ð43Þ

is similar, where PHF�(1/2)d2[J(xH �xN) + 6J(xH) + 6J(xH + xN)]
denotes the contribution to R2 from high frequency motions, and
Rex corresponds to conformational exchange contribution, if any.
Here, xN and xH are Larmor frequencies of the nitrogen and hydro-
gen, respectively. h is the angle between the N–H vector and the un-
ique principal axis of the 15N CSA tensor;
d ¼ ðl0=ð4pÞÞcHcNh=ð4pr3

HNÞ; c ¼ �cNB0ðdk � d?Þ=3; rHN is the N–H
bond length; dk � d? is the anisotropy of 15N CSA tensor, assuming
axially symmetry; P2(x) = (3x2 � 1)/2 is the second-rank Legendre
polynomial; and h is the Planck’s constant. For the majority of the
amide-NH group J(xH) is much smaller than J(xN) and J(0), which
then allows PHF to be safely neglected to first order. Assuming Rex

is negligible, Eq. (43) gives
R2 	 ð1=2Þðd2 þ c2Þ½4Jð0Þ þ 3JðxNÞ�: ð44Þ

The ratio

g=R2 ¼ ½2dc=ðd2 þ c2Þ�P2ðcoshÞ; ð45Þ

is then independent of protein dynamics, and therefore contains
only ‘‘structural” information, in the form of the 15N CSA and the an-
gle h between the N–H vector and the unique principal axis of the
15N chemical shift tensor. The CSA is related to R2, g and h:

dk � d? ¼ 3ðd=xNÞ½R2P2ðcoshÞ=g�½1�pf1� ðg=R2P2ðcoshÞÞ2g�:
ð46Þ

If the 15N CSA is known, h angle can be determined by the g/R2 ratio:

h ¼ cos�1ðf½1þ ðg=R2Þðd2 þ c2Þ=ðdcÞ�=3g1=2Þ: ð47Þ

Usually, neither CSA nor h is known. Therefore, independent deter-
mination of both 15N CSA and the angle h is not possible from relax-
ation data at a single frequency, because g/R2 contains the product
�(d k�d\)P2(cosh).

Determination of these parameters in ubiquitin is, therefore,
feasible from the intersection of the curves representing loci of
the CAS and h solutions to Eq. (46) at the three fields used, 360,
500 and 600 MHz, as shown in Fig. 23 [246]. The 15N CSA values
thus obtained fall in the range 125 to 216 ppm, with the average
value of 157 ± 19 ppm; the average angle between the NH bond
and the unique principal axis of the 15N CSA tensor was found to
be 15.7 ± 5.0� (range 6–26�) (Fig. 24). Assuming a Gaussian distri-
bution of 15N CSA values, the mean anisotropy of 15N in the B3 do-
main of protein G measured at several fields as determined by this
procedure is 173.9–177.2 ppm (for 1.02-Å N–H bond length) and
the site-to-site CSA variability is ±17.6 to ±21.4 ppm, depending
on the method used [247]. The Dd values for 15N in ribonuclease
H are approximately 172 ± 13 ppm, as determined by 1H–15N dipo-
lar/15N chemical shift anisotropy relaxation interference rate [249].
The standard deviation of the site-to-site variation is 5.5 ppm and a
95% confidence limit for this variation is 9.6 ppm. Variability in
these CSA values is a significant factor in the interpretation of
the spin relaxation rate especially at a high magnetic field. An aver-
age 15N CSA of �170 ppm obtained with the assumption that
h = 20� was also demonstrated for ubiquitin by 15N CSA/15N–H
dipolar correlation experiment [250]. It is pointed out that the
above analysis of the magnetic field depence of the 15N relaxation
yielded a considerably (5–20%) higher CSA value (170–175 ppm)
[246,252] than that observed in the solid-state (�160 ppm)
[126,181,187,190,192,195,203]. The discrepancy between solid-
state and solution NMR data has been attributed to the fact that
the solution data have been corrected for the effects of internal
motion, whereas solid-state values have been derived from the
motionally narrowed powder pattern [251].

Further, the CSA data are available in solution from the mode-
dependent analysis of chemical shifts in the weakly oriented sys-
tem [253,254]: the difference in apparent chemical shifts observed
for weakly aligned (daniso) and isotropic (diso) samples is given by:

Dd ¼ daniso � diso ¼ Ri¼x;y;zRj¼x;y;zAjjcos2ðhijÞdii; ð48Þ

where Ajj are the principal components of the molecular alignment
tensor, dii the principal components of the CSA tensor, and hij is the
angle between the jj axis of the alignment tensor and ii axis of the
CSA tensor. The dipolar coupling data DAB between two nuclei, A and
B, is also related to the traceless alignment tensor according to:

DAB ¼ Ri¼x;y;z � ðl0h=8p3ÞcAcBhr�3
AB icos2 /iAii; ð49Þ

where /i she angle between the A–B bond vector and the Aii

principal axis of the alignment tensor, cA and cB are the gyromagnetic



Fig. 22. Fitted CSA tensor parameters determined for GB1; (a) d(15N), 15N reduced anisotropy (d = dzz � diso), for backbone amide sites, (b) d(13C0), (c) g(13C0) asymmetry
parameter, (d) 13C0 principal elements as a function of the 13C0 isotropic chemical shift. Reproduced with permission from Wylie et al. [244].
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ratios of the two nuclei and hr�3
AB i is the vibrationally averaged

inverse cube of the distance between the two nuclei. The orienta-
tion and magnitude of the rhombic alignment tensor were obtained
from fits of the dipolar coupling data to the X-ray diffraction struc-
ture of ubiquitin. For the magnitude of alignment typically used in
biomolecular NMR, 10�4 to 10�3, the measured Dd are on the order
of parts per billion (ppb). The determined CSA tensors for 13C0 in
ubiquitin have the average values d11 = 75 ppm, d22 = 12 ppm, and
d33 = �87 ppm with an angle between d11 and the C0–N bond of
38�, and d 33 orthogonal to the peptide plane. For 15N,
d11 = 108 ppm, r22 = �46 ppm, and d33 = �63 ppm, with an angle
of 19� between the H–N vector and the r11 axis, and r22 orthogonal
to the peptide plane. For HN, the commonly used approximation of
an axially symmetric shielding tensor was found to be invalid, and
the best fit tensor values were found to be d11 = 6 ppm, d22 = 0 ppm,
and d33 = �6 ppm, with the d11 axis orthogonal to the peptide plane
and d33 roughly parallel to the H–N bond axis [253]. The average 15N
CSA was thus obtained to be 163.4 ± 4 ppm.

The average 15N CSA tensor was determined for the residues in
ubiquitin by an MAS experiment as Dd = 162.0 ± 4.3 ppm,
g = 0.18 ± 0.02 and b = 18.6 ± 0.5�, assuming a 1H–15N bond length
of 1.02 Å [255]. Measurement of the relatively small 1H CSA is tech-



Fig. 23. (a) Correlation between the cross correlation term g and the rate of 15N transverse relaxation R2 in ubiquitin, from 600 MHz (solid circles), 500 MHz (open circles) and
360 MHz (solid triangles) data. (b) Graphical illustration for the deviation of CSA and h from g/R2 at multiple fields. The curves in (b) represent loci of CSA and h value solutions
for the average values of g/R2 (from the linear fits in (a)). The intersection of any two curves provides a unique solution for a given pair of g/R2 values at two frequencies, as
indicated in the inset. Reproduced with permission from Fushman et al. [246].
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Fig. 24. A plot of (a) g/R2, (b) rk�r\ and (c) h versus residue number in human
ubiquitin determined by 15N relaxation rates. Reproduced with permission from
Fushman et al. [246].
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nically challenging in the solid-state, as described already for
Ala-15N-Leu [194], Ac-D,L-valine [227] and acetanilide [256]. The
most shielded tensor component of the 1HN CSA tensor (d33) is
roughly collinear with the N–H bond. Amide 1HN chemical shift
anisotropies in 15N-enriched proteins, ubiquitin, HIV-protease
and HU protein from Bacillus stearothermophilus have been deter-
mined in solution utilizing cross-correlation between 15N–1H dipo-
lar interaction and 1HN CSA [257,258]. The 1HN transverse
relaxation rates for the two doublet components of a 1HN–15N spin
pair are given by [259]:

R2 ¼ Dþ k
 g; ð50Þ

where the + sign applies to the upfield 1HN–{15N} doublet compo-
nent (1JNH < 0), and D, k and g correspond to homonuclear dipolar
relaxation, HN–{15N} dipolar relaxation and the cross correlation be-
tween the 1H CSA and the HN–{15N} dipolar interaction, respec-
tively. They are given by:

D ¼ q½5Jð0Þ þ 9JðxHÞ þ 6Jð2xHÞ� ð51Þ
k ¼ d½4Jddð0Þ þ 4a2Jccð0Þ þ 3JddðxHÞ þ 3a2JccðxHÞ þ JddðxH �xNÞ
þ 3JddðxN� þ 6JddðxH þxNÞ�

ð52Þ
g ¼ 2ad½4Jcdð0Þ þ 3JcdðxHÞ�; ð53Þ

where q ¼ Rkc4
Hh2

=ð80p2r6
HkÞ and the summation extends over all

protons k in the vicinity of the amide proton of interest with
rHk being the interproton distance; d ¼ c2

Hc2
Nh2

=ð80p2r6
HNÞ;a ¼

4pB0ðdk � d?Þr3
HN=ð3hcNÞ, and rHN is the 15N–1H distance, assumed

to be 1.02Å. The spectral densities Jdd (x), Jcc(x) and Jcd (x) are
for dipolar coupling autocorrelation, CSA autocorrelation and dipo-
lar coupling–CSA cross correlation, respectively. For the present
case, where the angle h is assumed to be small (h� 1) and the rel-
ative orientation of the dipolar coupling and CSA tensors was as-
sumed to be independent of the internal motion, one has
Jdd(x) = Jcd(x)/P2(cosh). Thus, the superscript in the spectral density
function may be dropped, and Eq. (53) can be rewritten as

g ¼ 2ad½4Jð0Þ þ 3JðxHÞ�P2ðcoshÞ: ð54Þ

In the absence of contribution to the spectral densities from slow
conformational changes, values for J(0) and J(xH) can be obtained
directly from the 15N T1, T2 and 15N–{1H} NOE values:

JðxHÞ ¼ ð2=5ÞðNOE� 1ÞðcN=cHÞ=ðdT1Þ; ð55Þ
Jð0Þ ¼ ½1=ðdT2Þ � 10JðxHÞ � 3ð1þ a2ÞJðxNÞ�=ð1þ a2Þ; ð56Þ

with

JðxNÞ ¼ ð1=6Þ½1=ðdT1Þ � 14JðxHÞ�=ð1þ a2Þ: ð57Þ

The values of g were determined based on the relaxation interfer-
ence either by using a 2D experiment which is a simple modifica-
tion of a HSQC or by a 3D HNH experiments. It was shown that
CSA values of 1H in ubiquitin’s five-stranded b-sheet
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(11 ± 1.6 ppm) are significantly larger than those in its a-helix or its
short 310 helix. Interestingly, Fig. 25 shows the correlation between
the measured 1H CSA and the hydrogen bond length (RH. . .O � 1.3)�2.
The best agreement is given by the following equation:

CSA ¼ 4:9þ 1:96=ðRH...O � 1:3Þ2: ð58Þ
4. Insights into biological problems

4.1. CSA versus secondary structure

4.1.1. Unoriented samples
Solution NMR. A serious drawback to the study of conformation

and dynamics of proteins in solution by conventional NMR is the
molecular size limitation (630 kDa). As discussed already in Sec-
tion 2.2.3, the transverse relaxation rates for the two doublet com-
ponents of a 1HN–15N spin pair may differ due to the effect of
interference between 1HN–15N dipole–dipole relaxation and CSA
of protons [257–260]. The TROSY (transverse relaxation-optimized
spectroscopy) technique selects the slowly relaxing resonance line,
eliminating the faster relaxing resonance [16,261]. The NMR
assignment of a large 13C,15N-labeled protein is made feasible by
a TROSY-type triple-resonance experiment [17,262] and indeed
was extended to amide groups of a 110 kDa protein using polariza-
tion transfer by cross-correlated relaxation approach (CRINEPT)
[18]. The optimal TROSY effect can be obtained by choosing an
appropriate magnetic field strength, which, for amide protons, is
about 23.5 T, corresponding to a proton resonance frequency of
1 GHz, since the dipole–dipole interaction is independent of the
static magnetic field whereas the CSA increases with the magnetic
field strength [19,20]. The 15N nuclei in an amide moiety also show
interference between dipole–dipole relaxation and their CSA.

The 2H,13C,15N-labeled 148-residue integral membrane protein
OmpX from Escherichia coli reconstituted with dihexanoyl phos-
phatidylcholine (DHPC) in mixed micelles of molecular mass of
about 60 kDa has been studied by TROSY-type triple-resonance
NMR experiments [263]. The 13C chemical shifts and the nuclear
Fig. 25. Correlation between HN CSA and hydrogen bond length (RH. . .O) in human
ubiquitin. Hydrogens were added to the X-ray crystal structure with the program X-
PLOR. Amides with low order parameters (S2 < 0.75) and solvent exposed amides for
which no hydrogen bonded water was observed in the crystal structure are not
included. Reproduced with permission from Tjandra and Bax [257].
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Overhauser effect data enabled the identification of regular sec-
ondary structural elements of OmpX/DHPC in solution. The same
type of polypeptide backbone fold is observed in the solution struc-
ture and a previously reported crystal structure of OmpX in the
presence of the detergent n-octyltetraoxyethylene. Complete se-
quence-specific assignments of the 121-residue polypeptide chain
in an octameric 110 kDa protein, uniformly 2H,13C,15N-labeled 7,8-
dihydroopterin aldolase (DHNA) from Staphylococcus aureus were
obtained using TROSY-type experiments in aqueous solution at
20 �C, and the regular secondary structures in the solution confor-
mation were found to coincide nearly identically with those in the
crystal structure of the DHNA octamer [264].

NMR analysis of homotetradecameric chaperonin system
GroEL-GroES with a molecular weight of up to 900 kDa was
achieved by TROSY/CRINEPT-based 15N–1H correlation experi-
ments [265]. Most amino acid residues of GroES show the same
resonance whether free in solution or in complex with chaperonin;
however, residues 17–32 show a large chemical shift change on
binding. It was also shown that the chemical shift mapping can
be used to characterize such protein–protein interactions in large
complexes.

Solid-state NMR. Application of the conformation-dependent 13C
chemical shifts, as summarized in Table 3, to reveal secondary
structures of proteins can be readily tested for a variety of fibrous
proteins such as silk fibroin, collagen, etc. the amino acids of which
consist of the limited numbers of major amino acid residues, and
the resulting polymorphic structures in the solid can be mutually
converted using a variety of physical treatments. Crystalline silk
fibroins are known to exist in one of the polymorphs, either silk I
or silk II (b-sheet) and either the a-helix or b-sheet forms, depend-
ing on the species of silkworm, Bombix mori or Philosophia Cynthia
ricini, respectively. It is straightforward to distinguish the two
polymorphs of silk fibroin from B. mori by their 13C chemical shifts
[95,96,266,267] with reference to the reference chemical shifts of
the conformation-dependent 13C chemical shifts [22–24], because
the variety of amino acid residues is limited to the following four
kinds: Gly (42.9%), Ala (30.0%), Ser (12.2%) and Tyr (4.8%). The sig-
nals of Ca in Ala and Ser residues of silk I are displaced downfield
by about 2 ppm as compared with those of silk II, whereas the sig-
nals of Cb in silk l are displaced upfield by 3–4 ppm relative to that
of silk II. The major advantage is to be able to estimate the relative
proportion of the material that is not readily converted to each
other (20–30%) [266]. Distinction of a-helical and b-sheet signals
in the Ala residue of P. C. ricini fibroin and the hydration-induced
conformational change from the less stable a-helix to b-sheet re-
gion are also very conveniently examined by the 13C NMR ap-
proach [95]. Most of the 13C NMR signals of the collagen fibril,
arising from the major amino acid residues, which amount to
approximately 65% (Gly, 33 ± 1.3%; Pro, 11.8 ± 0.9 %; Ala,
10.8 ± 0.9 %; Hyp, 9.1 ± 1. 3%), can readily be assigned, with refer-
ence to the peak positions of Ala, Pro, Gly and Hyp from model
polypeptides, (Pro-Ala-Gly)n, (Pro-Pro-Gly)10 and (Hyp)n, taking
the collagen-like triple helix conformation [95,96,104–106,268–
270].

Conformational characterization is straightforward for synthe-
sized peptides in which nuclei of desired residues are labeled with
13C, yielding ready distinction among a-helix, b-sheet and random
coil conformations, from their reference chemical shifts data
[22,23,271–275]. This approach is also useful for conformational
characterization of a variety of membrane proteins, once assign-
ment of peaks to certain residues could be established. The follow-
ing three types of approach are conceivable: (1) region-specific
assignment of peaks, (2) site-specific assignment of peaks based on
site-specific mutagenesis and proteolysis and (3) sequential assign-
ment. The region-specific assignment of peaks is straightforward by
differentiation of mobile C- or N-terminal peaks from less mobile
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transmembrane peaks by comparative recording of peaks between
CPMAS and DDMAS NMR spectra [276], together with the data of
site-specific proteolytic enzymatic cleavage [277].

The 13C NMR spectral features of fully-hydrated [3-13C]Ala-la-
beled bacteriorhodopsin (bR) in 2D crystals from purple membrane
differ between the 13C DD and CPMAS NMR spectra recorded at
ambient temperature, as demonstrated in Fig. 26 [276,277]. Sev-
eral 13C NMR signals are suppressed in the CPMAS NMR, because
the C-terminal a-helix and its tail undergo fluctuation motions
with correlation times of the order of 10�6 to 10�8 s, respectively.
The three intense 13C NMR signals from the membrane surface
(gray; top) in the DDMAS spectrum (consisting of contributions
from a total 29 Ala residues) are unambiguously assigned to Ala
228 and 233 (C-terminal a-helix), Ala 240, 244–246 (C-terminal
tail taking random coil), and Ala 235 (at corner of the C-terminal
a-helix) from the upper to the lower field, with reference to the
conformation-dependent 13C chemical shifts. The twelve Ala
Cb

13C NMR peaks in the CPMAS NMR (bottom) can be ascribed to
22 Ala residues present in the transmembrane a-helices and loops.
The assigned peaks indicated at the individual peaks were obtained
in view of the selectively reduced 13C NMR peak-intensity of rele-
vant mutant, in which an individual Ala residue was replaced by
other amino acid residues (for instance, A196G, A126V, A215G,
etc.) as compared with that of the wild-type, provided that a global
conformational change is not induced. Such a 13C NMR peak from
the transmembrane a-helices can be identified as a single Ala res-
idue by the difference13C NMR spectrum between wild-type and a
mutant, together with suppressed signals from residues located
near the surface (within ca. 8.7 Å) by accelerated transverse relax-
ation due to surface-bound Mn2+ [278]. Site-specific assignments
of 13C NMR signals have been attempted for [1-13C]Val-, Pro-,
Fig. 26. 13C DDMAS (a) and CPMAS NMR (b) spectra at 100 MHz of [3-13C]Ala-
labeled bR from purple membrane. Peaks in gray from the C-terminus are
preferentially suppressed by the CPMAS NMR, caused by a time-averaged 13C–1H
dipolar interaction in the presence of isotropic motions in the C-terminus.
Naturally, the remaining peaks in the DDMAS are identical to those of the CPMAS
NMR, except for the reduced peak-intensities in the former. Reproduced with
permission from Tuzi et al. [276].
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Trp- and, Ile-labeled bR [279–281]. [3-13C]Ala-, [1-13C]Val-labeled
ppR were also utilized for the resonance assignment [282,283].

The database of 13C, 15N or 1H chemical shifts of various globu-
lar proteins of known crystalline structure [26,28,173] was utilized
as a reference for sequential assignment of 2D correlation NMR
studies on a uniformly 13C, 15N-labeled 144 kDa membrane protein
complex, E. coli cytochrome bo3 oxidase [284] and Natromononas
pharaonis sensory rhodopsin II (NpSRII or ppR) uniformly labeled
with the exception of the four dominant residue types (valine, leu-
cine, phenylalanine and tyrosine), which occur in natural abun-
dance U[13C, 15N (V, L, F, Y)]NpSRII [285].

Resonance assignments based on the isotropic chemical shifts
have also been accomplished on a uniformly-13C-labeled cyto-
chrome-b5 embedded in bicelles without having to freeze the sam-
ple [286]. Similar studies have also been reported for complex non-
crystalline complex systems such as intact bovine cortical bone
[287]. This MAS approach has been utilized to investigate the effect
of the dehydration process in the intact bone. Tentative site-spe-
cific assignment of peaks was attempted for uniformly labeled a-
synuclein in a 3D 15N–13C–13C experiment at a low temperature
(�40�C) in order to analyze the fibril structure [288]. Most of the
signals, however, were not observed at 0 ± 3 �C and acquisition of
spectra at a low temperature is essential for the assignment of
chemical shifts. In such cases, it is essential to examine whether
one is able or not to record all the expected 13C resonances without
any suppressed peaks due to interference of the motional fre-
quency, if any, with the frequency of either proton decoupling or
MAS, as will be discussed in the next section. Conformational con-
straints based on isotropic or anisotropic chemical shifts have also
been reviewed [289,290].

4.1.2. Oriented samples
Secondary structure of peptides and proteins can be determined

from orientational constraints such as dipole–dipole, CSA and
quadrupolar interactions. These NMR parameters are routinely
measured from mechanically (sandwiched between thin glass
plates) or spontaneously, magnetically aligned systems. Indeed,
orientational constraints from CSAs were utilized to study the
polypeptide backbone of [13C] or [15N]labeled gramicidin A in ori-
ented lipid bilayers [198–200,291–295]. In these samples, the ob-
served chemical shifts vary with the relative orientation of the
principal axes of the CSA at respective sites relative to the applied
magnetic field. Orientational constraints for gramicidin A from 15N
CSAs and 15N–1H dipole–dipole interactions were determined by
recording SLF spectra [61,296]. The line widths in the dipolar cou-
pling dimension of the 2D SLF spectrum are reduced by more than
an order of magnitude by suppression of the broadening effects
from inter-proton coupling by I–I homonuclear decoupling using
the flip-flop Lee–Goldburg irradiation. The 2D PISEMA (Polariza-
tion Inversion Spin Exchange at the Magic Angle) spectrum has
turned out to be indispensable for elucidating conformational fea-
ture of peptides and proteins in uniaxially oriented lipid bilayers.
Details ofthe PISEMA pulse sequence, steps for the experimental
set-up, data interpretation, effects of pulse imperfections and ap-
proaches to overcome such effects, and applications can be found
in a recent review article [297].

The characteristic wheel-like patterns of resonances observed
in these PISEMA spectra reflect helical wheel projections of resi-
dues in both transmembrane and in-plane helices called PISA
(polarity index slant angle) without resonance assignments and
hence provide direct indices of the secondary structure and topol-
ogy of membrane proteins as viewed from the tilt angles of the
transmembrane peptides relative to the bilayer normal [298,299].
Fig. 27a illustrates 15N–1H dipolar couplings observed from PISEMA
spectra of multiple and single-site labeled preparations of a viral
M2-TMP (transmembrane peptide) in hydrated lipid bilayers



Fig. 28. 15N PISEMA spectra calculated for a 19-residue a-helix with 3.6 residue per
turn and uniform dihedral angles (/ = �65�, and w = �40�) at various tilt angles
relative to the bilayer normal. (a) 0�, (b) 10�, (c) 20�, (d) 30�, (e) 40�, (f) 50�, (g) 60�,
(h) 70�, (i) 80�, (j) 90�. The principal values and molecular orientation of the 15N
tensor (d11 = 64 ppm, d 22 = 77 ppm, d33 = 217 ppm, \d 33NH = 17�. Reproduced with
permission from Marassi and Opella [300]. Copyright 2000 Elsevier.
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aligned with the bilayer normal parallel to the magnetic field direc-
tion [299]. A mirror image pair of ‘‘PISA wheels” is immediately
apparent as shown in Fig. 27b. The PISEMA spectra calculated for
a full-range of possible orientations of an ideal 19-residue a-helix,
with 3.6 residues per turn and identical backbone dihedral angles
(/ = �65� and w = �40�) for all residues are shown in Fig. 28
[300]. When the helical axis is parallel to the bilayer normal all
of the amide sites have an identical orientation relative to the
direction of the applied magnetic field and therefore all of the res-
onances overlap with the same 1H–15N dipolar coupling and 15N
chemical shift frequencies. Tilting the helix away from the mem-
brane normal breaks the symmetry, introducing variations in the
orientations of the amide NH bond vectors relative to the field
direction. This is manifested in the spectra as dispersions of both
1H–15N dipolar coupling and 15N chemical shift frequencies, as
shown in Fig. 28j. No structural information, however, is available
for the sites of the N- and C-terminal residues with isotropic reso-
nances because of complete motional averaging of dipolar interac-
tions. When the helical axis is parallel to the bilayer normal all of
the amide sites have an identical orientation relative to the direc-
tion of the applied magnetic field and therefore all of the reso-
nances overlap with the same 1H–15N dipolar coupling and 15N
chemical shift frequencies.

An algorithm for fitting the protein structure to PISEMA spectra
has been described [301] and its application to helical proteins in
oriented samples was demonstrated using both simulated and
experimental results. Although the algorithm can be applied in
an ‘‘assignment-free” manner to spectra of uniformly labeled pro-
teins, the precision of the structure fitting is improved by the addi-
tion of resonance assignment information, for example the
identification of resonances by residue type from spectra of selec-
tively labeled proteins. In addition, a simple, qualitative approach
has been proposed for determination of a membrane protein sec-
ondary structure, including b-strands associated with membranes,
and topology in lipid bilayers based on PISEMA and HETCOR spec-
tra [302]. Indeed, PISA wheels are extremely sensitive to the tilt,
rotation, and twist of b-strands in the membrane. A ‘‘shotgun”
NMR approach relies solely on the spectra from one uniformly
and several selectively labeled 15N samples, and on the fundamen-
tal symmetry properties of PISA wheels to enable the simultaneous
sequential assignment of resonances and the measurement of the
orientationally dependent frequencies [303]. The shotgun NMR ap-
Fig. 27. (a) Dipolar splittings observed in the 15N PISEMA spectra of multiple and sing
bilayer normal to the parallel to the magnetic field direction. (b) Display of the dipolar sp
wheel fashion. Reproduced with permission from Wang et al. [299]. Copyright 2000 Els
proach short-circuits the laborious and time-consuming process of
obtaining complete sequential assignments prior to the calculation
of a protein structure from the NMR data by taking advantage of
le site labeled preparations of M2-TMP in hydrated lipid bilayers aligned with the
littings (�) at their observed chemical shift. The resonances are connected in helical

evier.
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the orientational information inherent to the spectra of aligned
proteins.

A total of five two-dimensional 1H/15N PISEMA spectra, from
one uniformly and four selectively 15N-labeled samples, were re-
ported to be sufficient to determine the structure of the mem-
brane-bound form of the 50 residue major pVIII coat protein of
magnetically aligned fd filamentous bacteriophage, as shown in
Fig. 29 [304]. The imperfections of the PISEMA sequence were
overcome by the use of the HIMSELF or HERSELF sequence
[305,306]. This method was utilized to determine the tilt of the
transmembrane domain of the full-length uniformly-15N-labeled
cytochrome-b5 in aligned bicelles under physiologically-relevant
experimental conditions [307]. This study demonstrated the spec-
tral editing approach to distinguish resonances from the soluble
and transmembrane domains based on dynamical differences
among them. It should also be noted that the combination of SLF
and using aligned lipid bilayers have been powerful in providing
insights into the mechanism of membrane disruption by antimi-
crobial peptides [308,309].

Numerous studies have utilized these approaches to address
biological questions and to obtain structural insights: for trans-
membrane domains of M2 protein from influenza A [310], phos-
pholambin [311–313], membrane b-barrels [314], pore forming
protein TatAd of the twin-arginine translocase [315], bacteriorho-
dopsin [316] and membrane-associated peptaibols ampullosporin
A and alamethicin [317]. In all these applications, one could use
CSA tensors accurately measured from model peptides to deter-
mine the structural parameters. These studies considerably benefit
Fig. 29. Model of a section of the Y21M fd filamentous bacteriophage capsid built
from the coat protein subunit structure, which was determined by PISEMA spectra.
The symmetry was derived from fiber diffractionstudies. (a and b) Representations
of the electrostatic potential on themolecular surface of the virus. ((a) is a bottom
view and (b) is a side view along thevirus axis). (c and d) Views of the capsid
structure showing the arrangement of the coat proteins in pentamers and further
assembly of the 2-fold helical structure. Reproduced with permission from Zeri
et al. [304].
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from the investigation of the variation of CSA tensors in proteins in
different environments. PISA spectra of uniformly 15N-labeled che-
mokine receptor, CXCR1as a GPCR and selectively labeled E. coli
diacylglycerol kinase (DAGK) were examined on the basis of PISE-
MA spectra recorded in magnetically aligned bicelles and liquid
crystalline bilayers, respectively [318,319].

The determined torsion angles (/, w) of oriented sillk II struc-
ture of B. mori silk fibroin, (�140�, 142�) for the Ala residues and
(�139�, 135�) for the Gly residues [56,57], are very close to those
proposed by X-ray diffraction [320,321]. Highly-oriented a-helical
chains of poly(c-benzyl L-glutamate) (PBLG) film can be prepared
by evaporating slowly the solvent from the PBLG LC solution in a
strong magnetic field of an NMR magnet [322]. It was demon-
strated that there exists a linear relationship between the order
parameter S of the a-helical polypeptide chains with respect to
the applied magnetic field and the observed main-chain carbonyl
13C chemical shift, dobs, such that S = 0.024 � dobs � 3.758. Using
the dobs value and the S–dobs relation, the order parameter S of PBLG
in the liquid crystalline state at 300 K was determined to be
0.875 ± 0.025.

4.2. CSA and dynamics

4.2.1. Solution NMR
Backbone fast picoseconds to nanosecond dynamics for biomac-

romolecules in solution has been extensively analyzed by the
examination of their nuclear relaxation times, utilizing the mod-
el-free approach [248,323] based on a generalized order parame-
ter, S, which is a measure of the spatial restriction of motions,
and an effective correlation time, se, which is a measure of the rate
of motion. For the special case that the overall motion can be de-
scribed by a single correlation time sM, our approach to extracting
the unique information (i.e. S and se) is based on the following sim-
ple equation for the spectral density S:

JðxÞ ¼ ð2=5ÞfS2sM=½1þ ðxsMÞ2� þ ð1� S2Þs=½1þ ðxsÞ2�g; ð59Þ

with

s�1 ¼ s�1
M þ s�1

e ; ð60Þ

In addition, S is a model-independent measure of the degree of spa-
tial restriction of motion with the inequalities 0 6 S2

6 1 : if the
internal motion is isotropic, then S = 0. If the motion is completely
restricted, then S = 1.

The longitudinal relaxation rate (R1) for fast motions, as viewed
from 15N or 13C nuclei, is the sum of the contributions of the di-
pole–dipole and CSA effects, and in the absence of the term of
chemical exchange is given by:

R1 ¼ 3ðd2 þ c2ÞJðxNÞ þ d2½3JðxNÞ þ JðxH �xNÞ þ 6JðxH þxNÞ�
ð61Þ

where d ¼ �ðl0=ð4pÞÞcHcNh=ð4pr3
NHÞ and c = �xN(dk � d\) are di-

pole–dipole and CSA interactions, respectively. The relaxation data
for 15N-enriched human ubiquitin are incompatible with isotropic
rotational diffusion but agree well with an axially symmetric rota-
tional diffusion with rotational diffusion anisotropy Dk/D\ of 1.17,
consistent with hydrodynamic calculations [324]. Anisotropic rota-
tional diffusion of perdeuterated HIV protease complexed with the
sub-nanomolar inhibitor DMP323 has been studied at two different
magnetic field strengths [252].

Cross-correlation between 15N–1H dipolar and 15N CSA gives
rise to different relaxation rates for the doublet components of
15N–{1H} backbone amides [250]. The relaxation interference is di-
rectly proportional to the generalized order parameter S2 of the N–
H bonds in the peptide backbone, and this relation can be utilized
to obtain approximate values for these order parameters. In
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contrast, Engelke and Rüterjans examined the backbone dynamics
of uniformly 13C/15N-enriched ribonuclease T1 using carbonyl car-
bon relaxation times, to determine the order parameters (S2) and
the effective internal correlation times (si) [325]. Dayie and
Wagner recorded proton-detected 13C,15N spectra of the N-termi-
nal 14 kDa domain of the actin-binding protein, villin, at 9.4, 11.7
and 17.6 T [326]. Three rate measurements were used to obtain
the values of the spectral density functions at zero [J(0)], nitrogen
[J(xN)], and carbonyl [J(xC)] frequencies. In addition, 13C carbonyl
NMR studies are potentially useful for probing hydrogen-bond
dynamics, as significantly different average J(0) values are ob-
served for hydrogen-bonded and solvent-exposed carbonyls. The
anisotropy of rapid fluctuations of peptide planes in ubiquitin is
explored by combined 15N and 13C0 nuclear spin relaxation mea-
surements and molecular dynamics (MD) computer simulation
[327]. They show that the dominant fluctuation axes for the back-
bone 15N and 13C0 spins are nearly parallel to the Ca

i�1 � Ca
i axes.

In contrast, the presence of slow motions for backbone and
side-chains with a time-scale of millisecond to microsecond is more
biologically relevant than the fast motions detectable by relaxation
parameters for a variety of globular proteins in relation to their
specific activity including transient formation of ligand-binding-
competent states and transitions coupled to enzyme catalysis
[328–330]. In such cases, contribution of the last term Rex in Eq.
(43) should be taken into account. Indeed, the excess transverse
relaxation rate (Rex) is expressed as a rate of the standard two site
(A and B) exchange of nuclei between different conformations/
states with different chemical shifts, which can be measured either
by careful evaluation of R2 (see Eq. (43)) or by applying a train of
180� radio-frequency pulses separated by a delay of length scp in
the CPMG (Carr–Purcell–Meiboom–Gill) experiment. The value of
Rex is given by [331]:
Rex ¼ Dd2c2B2
0papbð1=kexÞ½1� ð2=scpkexÞtanhðscpkex=2Þ� ð62Þ
where kex is the rate constant of the exchange process, Dd is the
chemical shift difference between the two conformations, A and
B, while pa and pb are the fractional populations of A and B,
respectively.

The internal mobility in 15N-enriched protein eglin c was ana-
lyzed as a frequency spectrum of NH bonds from the spectral den-
sity mapping at multiple fields [332]. Here, dynamic heterogeneity
along the protein backbone is manifested most clearly in spectral
density values at low frequencies (<100 MHz), indicating slow ex-
change processes manifested as an increase of Jeff(0) with the spec-
trometer field strength.

The temperature dependence of backbone motions in E. coli
ribonuclease HI was studied on a multi-time-scale by 15N spin
relaxation [333,334]. Conformational exchange on a microsecond
time-scale was observed for a large number of residues forming
a continuous region of the protein that includes the coiled-coil
formed by helices aA and aD. The temperature dependence of mo-
tion of the backbone N–H bond vectors on picoseconds to nanosec-
ond time scales was characterized by the changes of the order
parameter (S2), internal correlation time (se), and phenomenologi-
cal CPMG exchange rate constants (Rex) plotted versus residue
number as shown in Fig. 30 [334].

Analysis of spin relaxation parameters of 15N in a homodimeric
protein of HIV-protease showed that the flaps that cover the active
sites of the protein have terminal loops undergoing large ampli-
tude motions on the ps to ns time scale, while the tips of the flaps
undergo a conformational exchange on the ls time scale [335].
This enforces the idea that the flaps of the proteinase are flexible
structures that facilitate function by permitting substrate access
to and product release from the active site of the enzyme.
Measurements of 15N relaxation parameters have been used to
characterize the backbone dynamics of the folded and denatured
states of the N-terminal SH3 domain from the adapter protein
drk, in high salt or guanidium chloride, respectively [336]. The lev-
els of backbone dynamics in the folded protein show little variation
across the molecule and are of similar magnitude to those deter-
mined previously. The denatured state of the domain, however,
exhibits both more extensive and more heterogeneous dynamics
than the folded state.

Relaxation properties of the backbone15N nuclei were measured
to study the rotational correlations of the two domains and prop-
erties of the linker region for phosphotransfer and Che Y-binding
domains of the histidine autokinase CheA [337] and cell binding
region of fibronectin [338]. In the former, flexible domain linkers
are extended and flexible terminal polypeptide chains can have
significant effects on the motional properties of adjacent struc-
tured regions. In the latter, non-specific protein–protein interac-
tions provide the bulk of the thermodynamic stabilization and
the motional constraints of the two modules.

The structure of the C-terminal RNA recognition domain of ribo-
somal protein L11 has been solved by 3D NMR [339]. Although the
structure can be considered to be high-resolution in the core, 15-
residues between helix a1 and strand b1 form an extended,
unstructured loop. The loop is moving on a picosecond to nanosec-
ond time scale in the free protein but not in the protein bound to
RNA.

A strong correlation between phosphorylation-driven activation
of the signaling protein NtrC, with two highly conserved compo-
nents of histidine kinases and response regulators, and microsec-
ond time-scale backbone dynamics as studied by 15N relaxation
measurements has been reported [340]. The motions of NtrC in
three functional states were characterized: unphosphorylated
(inactive), phosphorylated (active) and a partially active mutant.
These dynamics are indicative of exchange between inactive and
active conformations.

Internal protein dynamics are intimately connected to enzyme
catalysis. During catalytic action of the enzyme cyclophilin A, con-
formational fluctuations of the active site that occur on a time scale
of hundreds of microseconds were detected by mapping the char-
acteristic displacement of 15N chemical shifts and R2 relaxation
rates [341]. The rates of conformational dynamics of the enzyme
strongly correlate with the microscopic rates of substrate turnover.

The analysis of the exchange term in the R2 relaxation rates
showed that the observed ls-ms dynamics in plastocyanin from
the cyanobacteria Anabaena variabilis (A. v. PCu) are caused primar-
ily by the protonation/deprotonation process of two histidine res-
idues, His92 and His61, with His92 being ligated to the Cu (I) ion
[342].

Dynamic requirements for a functional protein hinge in triose-
phosphate isomerase (TIM) were analyzed for the wild-type and
a mutant at loop 6, PGG/GGG, by means of 1H, 15N and 13CO chem-
ical-shift differences, 15N R2 measurements [343]. These experi-
ments elucidate an important principle of catalytic hinge design
in proteins.

The backbone dynamics of domain III of the envelope proteins
(E-D3) of Langat virus (LGT-E-D3) was investigated using 15N
relaxation measurements [344]. Solution structure and dynamics
of LGT-E-D3 suggested potential residues that could form a surface
for molecular recognition, and thereby represent a target site for
antiviral therapeutics design.

Millisecond time scale dynamics plays an important role and
relaxation dispersion NMR spectroscopy has been particularly
informative [345,346]. The integral membrane enzyme PagP
reconstituted in detergent exists in equilibrium between two
states, relaxed (R) and tense (T). A comparison of 15N chemical
shifts between the two states indicates that major structural



Fig. 30. Dynamical parameters obtained for RNase H from E. coli. Order parameters, S2, of 15N–H bond vectors are plotted versus residue number at (a) 285 K, (b) 300 K and (c)
310 K; internal correlation times, se, are plotted at (d) 285 K, (e) 300 K and (f) 310 K; and phenomenological CPMG chemical exchange rate constants, Rex, are plotted versus
residue number at (g) 285 K, (h) 300 K and (i) 310 K. At 285 K, the value of Rex for Lys 60 is 23 ± 4. At 300 K, the resonance for Lys 60 is overlapped with the resonance for Ile 7
and cannot be quantified. Error bars are not shown for (a)–(c) for clarity; average uncertainities in S2 are 0.024, 0.011 and 0.010 for 285, 300 and 310 K, respectively. Dark
rectangles represent b-sheet regions and hatched rectangles represent a-helical region of RNase H. Reproduced with permission from Mandel et al. [334].
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changes occur in the large extracellular L1 loop and adjacent re-
gions of the b barrel. In addition to the R,T interconversion, other
conformational exchange processes are observed in the R state,
showing it to be quite flexible. Thus a picture emerges in which
substrate entry is facilitated by the mobility of the R state, whereas
the relatively rigid T state adopts a radically different conformation
in a region of the protein known to be essential for catalysis. It has
also been demonstrated that relaxation dispersion experiments
make available kinetic, thermodynamic and structural information
on ‘‘excited” states that often comprise only a few percent of the
total population of molecules in solution and that cannot be ob-
served directly in even the most sensitive NMR experiments
[345,347,348]. The relaxation dispersion curve, probing the back-
bone amide 15N linewidth for SH3 domain from Fyn tyrosine ki-
nase, was fitted to a three state model including F, folded, U,
unfolded and I, intermediate states, at temperatures, ranging from
15 to 35 �C, at spectrometer fields of 500, 600 and 800 MHz and for
all residues in the protein with sizable dispersions. It is thus possi-
ble to characterize in some detail the kinetics and thermodynamics
of this folding/unfolding reaction.

As a complementary means to the widely used 15N T2 CPMG
experiments, it was shown that slow motion in a protein can be de-
tected by multiple refocusing of heteronuclear nitrogen/proton
multiple quantum coherence, as demonstrated for I23 and T55
which are quite close in space although in different loops of ubiq-
uitin [349].

4.2.2. Solid-state NMR
Peptides: It is expected that the backbones of small peptides in

the solid-state are considered static compared with side chains.
Nevertheless, it was shown that backbone dynamics of small pep-
tides containing Gly-Gly residues can be detected by analyzing the
15N NMR line shapes powder pattern and the 13C T2 obtained under
proton decoupling [197]. It was found that by lowering the tem-
perature from 40 to �120 �C, the d11 and d22 values of Gly[15N]Gly
shift to low and high field by 2.5 ppm, respectively, while the d33

value is unchanged. The observed displacement of the principal
values of the 15N chemical shift tensor was interpreted by taking
account of librational motion with small amplitudes. This libra-
tional motion was interpreted in terms of a two-site jump model
about the d33 axis that is very close to the CaCa0 carbons from the
connecting two peptide units with a jump angle of 17� and a jump
frequency higher than 1 kHz, as required by the simulated spectra.
The correlation times of the librational motions of the peptide
plane was estimated as 2.3 � 10�4 s at ambient temperature by
analyzing 13C T2 values in the presence of a 1H decoupling field
of 50 kHz [350]. Here, it is noticed that the CSA for 15N amide
and 13C carbonyl nuclei are of the order of 103 and 104 Hz, respec-
tively, in view of the breadth of the respective tensors. This means
that protein dynamics reflected in changes in CSA values are sensi-
tive to the time scales of 10�3 to 10�4 s, respectively.

The dynamics of bee venom melittin, bound to magnetically
oriented DMPC bilayers, can be visualized from the 13C NMR
lineshapes of [1-13C]Gly3, Val5, Gly12, Leu16 and Ile20 labeled
preparations recorded at various temperatures [351]. The 13C
CSA values (dk � d\) of the carbonyl carbons obtained from a
slow MAS experiment indicate that melittin undergoes rotation
or reorientation of the whole a-helical rod about the average
helical axis, parallel to the bilayer normal, rather than the helical
axis.
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The 13C and 31P NMR spectra of a transmembrane a-helical pep-
tide, [1-13C]Ala14-labeled A(6–34) of bacteriorhodopsin (bR), incor-
porated in DMPC bilayers or in a magnetically aligned system
containing dynorphin [A(6–34):dynorphin:DMPC = 4:10:100] were
examined to clarify its dynamics and orientation in the lipid bi-
layer [107]. This peptide undergoes rapid rigid-body rotation about
the helical axis at ambient temperature to produce an axially sym-
metric 13C CSA, whereas this symmetric anisotropy changes to an
asymmetric pattern at temperatures below 10�C. 13C NMR spectra
of [3-13C]-, [1-13C]- or [1-13C]Val-labeled transmembrane peptides
of bR were also recorded in a lipid bilayer [273]. The 13C chemical
shifts of the [3-13C]Ala-labeled peptides in the bilayer were dis-
placed downfield by 0.3–1.1 ppm, depending upon the amino-acid
sequence, with respect to those in the solid-state, which were ex-
plained in terms of local conformational fluctuations (>102 Hz)
deviated from the torsion angles (aII-helix) from those of a stan-
dard a-helix, in an anisotropic environment. The carbonyl 13C
peaks, on the other hand, are not signigicantly displaced by such
local anisotropy fluctuations. Instead, they are more sensitive to
the manner of hydrogen bonding interactions than the local anisot-
ropy fluctuations.

A variable temperature solid-state 15N NMR study on lipid ves-
icles containing magainin 2 revealed its backbone dynamics [352].
The backbone dynamics of a channel-forming second-transmem-
brane segment of GABA receptor in lipid bilayers has been deter-
mined using PISEMA experiments [353]. The effect of whole-
body motion on the peptide orientations obtained from calculated
PISEMA spectra was analyzed [354]. It was shown that wheel-like
patterns are still preserved, and it is possible to determine the
average peptide tilt and azimuthal rotation angles using simple
static models for the spectral fitting, as demonstrated for the mod-
el peptide, WLP23, in a lipid membrane.

The effects of cholesterol on the dynamics of pardaxin and its
ability to form ion-channels and disrupt bacterial cell membranes
have been investigated using PISEMA experiments [355].

The dynamic structure of disulfide-removed linear analogs of
tachyplesin-I (TP-I), where four Cys residues were replaced by aro-
matic and aliphatic residues, in bacteria-mimetic POPE/POPG bi-
layer have been studied by solid-state NMR [356]. The active TP-I
and TPF4 are both highly mobile in the liquid crystalline phase of
the membrane while the inactive TPA4 is completely immobilized.
The different mobilities are revealed by the temperature-depen-
dent 13C and 15N spectra, 13C–H and 15N–H dipolar couplings and
1H rotating frame spin–lattice relaxation times.

Fibrous proteins. The data obtained from proton decoupled 13C
NMR spectra of reconstituted fibrils of chick calvaria collagen en-
riched at the glycine Ca and C0 positions are consistent with a mod-
el in which collagen molecules reorient about the long axis of the
helix with a rotational diffusion constant (R1) of �107 s�1 [357].
The full-width of the glylcyl carbonyl powder pattern is 103 ppm
which is substantially smaller than the rigid lattice value
144 ppm, which provides further evidence for motion in the fibril
[358]. The powder line width of [1-13C]Gly-labeled collagen,
D = dzz � dxx at 22 �C for the uncross-linked reconstituted collagen
fibril is 108 ppm, whereas the maximum value of delta
(140 ppm) is observed for the cross-linked and mineralized colla-
gen fibrils in rat calvaria [359]. The line shapes were analyzed
using a model in which azimuthal orientation of the collagen back-
bone is assumed to fluctuate as a consequence of reorientation
about the helix axis. Fluctuations in azimuthal orientation are
smaller in cross-linked tendon and demineralized calvaria collagen
fibers than in reconstituted collagen fibers. It was shown that slow
motions having large amplitudes will be sensed by the line shape
but not the relaxation times [360].

Characterization of slow segmental dynamics in solids has been
developed by the centerband-only detection of exchange (CODEX)
NMR experiment which employs recoupling of the CSA under MAS
before and after a long mixing time during which molecular reori-
entations may occur [361,362]. By an analysis in terms of the dif-
ference tensor of the chemical shifts before and after the mixing
time, the dependence on the reorientation angle is obtained ana-
lytically for uniaxial interactions, and a relation to 2D exchange
NMR patterns has been established. This technique was applied
to a triblock hydrogel protein ACA [363]. Its CODEX mixing time
dependence revealed a detectable decaying component with a cor-
relation time of about 80 ms.

Fast and slow dynamics of collagen fibrils at various hydration
levels were examined by 13C CPMAS experiments [270,364]. Fast
motions with correlation times much shorter than 40 ls were de-
tected by dipolar couplings measured by the DIPSHIFT experiment
[365], and by the CSA values of the carbon sites in collagen. These
motionally averaged anisotropic interactions provide a measure of
the amplitudes of the segmental motions as described by a seg-
mental order parameter. The data reveal that increasing hydration
has a much stronger effect on the amplitude of the molecular pro-
cesses than increasing temperature. In particular, the CODEX
experiment showed that the Hyp residues in the hydrated state
have an appreciable level of mobility in the millisecond range.

2H, 13C and 15N NMR spectra of the fd bacteriophage coat pro-
tein were used to analyze the motions of their aromatic amino
acids [366]. The presence of background signals from natural abun-
dant nuclei in the 13C-labeled sample, however, represents a seri-
ous obstacle to line shape analysis, as illustrated in the 13C NMR
spectra of [13Ce]Tyr-labeled fd. The slow MAS spectrum
(0.38 kHz) arising from the narrow sidebands from Tyr residues
was recorded to distinguish the powder pattern from the natural
abundance background. The calculated powder pattern from the
sideband intensities is consistent with the difference spectrum be-
tween the labeled and unlabeled static samples and indicates that
the Phe and Tyr rings undergo 180� flips about the Cb–Cc bond axis
at a rate greater than 106 Hz, as well as small-amplitude rapid mo-
tions in other directions. The dynamics of the coat protein in fd
bacteriophage has also been studied by 15N and 2H NMR experi-
ments [367,368], which showed that the virus particles and the
coat protein subunits are immobile on the time scales of the 15N
CSA (103 Hz) and 2H quadrupole (106 Hz) interactions.PISEMA
spectra of the Pf1 bacteriophage indicate that at 30 �C, some of
the coat protein subunits assume a single, fully structured confor-
mation, and some have a few mobile residues that provide a break
between two helical segments, in agreement with structural mod-
els from X-ray fiber and neutron diffraction [369]. The structural
basis of the temperature-dependent transition of Pf1 was also
examined [370]. The dynamics in this protein as revealed by stud-
ies of order parameters characterizing bond vector dynamics [371]
show that the subunit backbone is static. In contrast to the back-
bone, several side-chains reveal large-amplitude angular motions.
Side-chains on the virion exterior that interact with solvent are
highly mobile, but the side chains of residues arginine 44 and ly-
sine 45 near the DNA deep in the interior of the virion are also
highly mobile.

Membrane proteins. The presence of fast motions with a ps to ns
time-scale can readily be identified in the solid-state by observing
that certain NMR peaks in spectra recorded by CPMAS are appre-
ciably suppressed as compared with those in spectra recorded by
DDMAS (direct detection or dipolar decoupled magic angle spin-
ning). For instance, fully-hydrated membrane proteins which are
arranged on a 2D lattice in bilayers (2D crystals) are far from being
rigid bodies at ambient temperature, in spite of 3D pictures cur-
rently available from X-ray diffraction studies at very low temper-
ature [372–374], as demonstrated by extensive studies on
[3-13C]Ala- or [1-13C]Val-labeled bacteriorhodopsin (bR) as a typi-
cal membrane protein from the purple membrane (PM) of Halobac-
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terium salinarum [107,279,375–379]. Indeed, 13C NMR studies on
specifically 13C amino-acid labeled bR showed that bR undergoes
several types of motion even in a 2D crystal at ambient tempera-
ture, depending upon the site of interest, revealing fast (>108 Hz),
slow (ls–ms) (104–105 Hz) or very slow (102 Hz) motions, as de-
scribed below [24,107,281,376,377]. Well-separated 15N NMR
spectra of green variant of [15N-f-Lys]proteorhodopsin (GPR), a
photoactive retinylidene protein in marine bacterioplanktons,
were recorded from 2D crystals formed with a hexagonal packing
in DOPC bilayer, due to efficient cross-polarization in the non-
freezing state (280K) [380]. In contrast, it is noted that additional
conformational fluctuations with frequencies of the order of 104

to 105 Hz are induced when monomeric bR is reconstitututed in
a lipid bilayer in the absence of 2D crystalline lattice, leading to
strongly modified spectral features [381].

The presence of the fast motion is ascribed to the N- and C-ter-
minal portions of [3-13C]Ala-bR even in 2D crystal, undergoing iso-
tropic motion which leads to suppression of cross-polarization
from the protons, as demonstrated by the gray peaks in Fig. 26
[107,382]. This portion of the spectrum includes the peaks from
the C-terminal a-helix protruding from the membrane surface
[383–385] with reference to the peak-positions of the conforma-
tion-dependent 13C chemical shifts [23,24]. In a similar manner,
13C signals from the surface area turned out to be visible only in
DDMAS spectra for a variety of fully-hydrated membrane proteins,
including pharaonis phoborohodopsin (ppR) (or sensory rhodpsin
SRII) [285,386], its truncated transducer pHtrII (1–159) [387],
and E. coli diacylglycerol kinase (DGK) [388].

In contrast, it is expected that CPMAS NMR signals from 13C la-
beled sites in portions of hydrophobic [1-13C]Val or Ile residues are
free from such suppression of peaks caused by fast motion, because
they are not always located at such flexible positions in the surface
area of lipid bilayers [281]. However, there may be additional rea-
sons for suppressed NMR signals, such as the failure of peak-nar-
rowing caused by interference of a slow motional frequency with
either proton decoupling [350] or MAS [389]. Such slow motions
on the ls-ms time scale, if encountered in proteins in solution
can be readily identified also in the solid, by observations of sup-
pressed or recovered peak-intensities (SRI) by both CPMAS or
DDMAS experiments [350,389]. Indeed, a 13C NMR line width
1=pTC

2 of the residue under consideration could be considerably
broadened, when a motional frequency of an incoherent random
fluctuation motion interferes with either the coherent frequency
of the proton decoupling or MAS. In such cases, the overall trans-
verse relaxation rate 1=TC

2 given by [197]
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Here, cI and cS are the gyromagnetic ratios of I (proton) and S (car-
bon) nuclei, respectively, and r is the internuclear distance between
spins I and S, and the summation is over pairs of I–S nuclei. The
angular frequencies x0 and xI are the carbon resonance frequency
and the amplitude of the proton decoupling RF field, respectively.
xr is the rate of spinner rotation. d is the CSA and g is the asymmet-
ric parameter of the chemical shift tensor. It is expected that a
decoupling field of 50 kHz is sufficient to reduce the static compo-
nent and the ð1=TC
2Þ

M
CS term will be dominant in the overall 1=TC

2, as
far as the carbonyl signals with larger chemical shift anisotropies
are concerned. Consequently, the maximum of the line-broadening
occurs when the frequency of the incoherent motion is near xr, and
thus effect is called interference of motional frequency with the
MAS frequency. Of course, it is possible to avoid this interference
from frequency in the order of typically 104 Hz by increasing the
spinning rate up to as fast as 20 kHz. In such case, however, one
should take special precaution to prevent unnecessary heating of
samples as well as dehydration due to a centrifuging effect on fully
hydrated membrane proteins. In this connection, it was demon-
strated, on the basis of 15N chemical shifts of [f-15N]Lys of a Schiff’s
base, that pressure-induced isomerization of retinal on bR occurs at
an increased MAS frequency of 12 kHz, corresponding to the sample
pressure of 63 bar, resulting in the decreased equilibrium constant
of [all trans-bR]/[13-cis bR] leading to structural change in the
vicinity of retinal [390]. This finding was explained in terms of a dis-
rupted or distorted hydrogen bond network by means of a con-
stantly applied pressure. The presence of the two backbone
conformations at Tyr185 caused by such a retinal configuration in
the dark, light and pressure adapted bR has been extensively stud-
ied by REDOR filtered experiments [391].

It is more practical to observe the expected intensity change as
a function of temperature or pH which might indirectly vary with
the frequency dispersion as expressed in Eqs (64) or (65). A typical
example for such suppressed or recovered peak- intensities (SRI) is
shown in the 13C CPMAS NMR spectra of the [13C]Val-labeled D85N
mutant of bR recorded at various pH [392–394]. As shown in
Fig. 31, raising the pH of this mutant from 7 to 10 (leading to the
M-like state, mimicking the M photo-intermediate without
photo-illumination) resulted in additional spectral changes in
which several peaks were suppressed together when raising pH
to 10, while the others were recovered. In particular, the intensities
of the five peaks in D85N, 177.31 ppm (V213), 175.69 ppm (unas-
signed), 174.98 ppm (V217), 173.2 ppm (unassigned), and
172.3 ppm (V49), decreased with the raised pH, while the intensi-
ties of the two peaks, 171.8 ppm (V69,130) and 172.8 ppm (V34),
increased, as demonstrated in Fig. 32, by taking into account that
raising pH is related to accelerate fluctuation as a result of confor-
mational change from the L to M-like state of bR. This situation oc-
curs in the M-like state of D85N at higher pH or bacterio-opsin
(bO) [383] in which specific retinal-protein interaction is partly
or completely removed by neutralization of the negative charge
at Asp 85 or its absence, respectively.

A similar SRI change was more clearly visualized for synthetic
hydrophilic polymers, poly(acrylate)s, by plotting their DDMAS
peak-intensities as a function of temperature [395]. Several inten-
sity minima were noted at different temperatures for the different
individual sites in the polymer side-chains, indicating the presence
of fluctuation motions with correlation times of the order of 10�5 s
at particular temperatures.

Bacteriorhodopsin (bR) from purple membrane (PM) is packed
to form a trimeric unit which is further assembled into a hexagonal
lattice as a native 2D (liquid) crystal [396]. As demonstrated al-
ready, 13C NMR signals of [3-13C]Ala- (Fig. 26) or [1-13C]Val-labeled
bR preparation adopting such 2D crystal are well resolved in
DDMAS NMR spectra or CPMAS spectra at ambient temperature.
Nevertheless, it was found that several 13C NMR signals from the
surface areas are suppressed for [1-13C]Gly-, Ala-, Leu-, Phe- and
Trp-labeled bR from PM, owing to the presence of conformational
fluctuations with a correlation time of the order of 10�4 s interfer-
ing with frequency of magic angle spinning (4 kHz) [377,384]. This
is related to a possible conformational fluctuation, in 2D crystal,
around the Ca–Cb bond in the side-chains of amino-acid residues
as expressed by Ca–CbH2X system. The conformational space al-
lowed for fluctuation is limited to a very narrow area for Val or



Fig. 31. 100.6 MHz 13C CPMAS NMR spectra of [1-13C]Val-labeled D85N mutant at
various pH values: (a) pH 6, (b) 8, (c) 9, (d) 10 and (e) 11. The assignment of peaks is
based on newly performed experiments [377], and also corrected ones from older
spectra [401]. Reproduced with permission from Saitô et al. [394]. Copyright 2010
Elsevier.
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Ile residues with a bulky side-chain at Cb, leading to a limited range
for v1, the rotation angle around the Ca–Cb bond, as demonstrated
by Ca–CbHYZ where Y and Z are CH3 and CH3 or CH2CH3, respec-
tively [228]. This is the reason why the 13C NMR signals are ob-
served from [1-13C]Val- or Ile-labeled bR preparations in 2D
crystal, but partially suppressed for other types of [1-13C]amino-
acid labeled preparations. This surface dynamics was also exam-
ined by measurements of site-specific 13C–H dipolar coupling of
[3-13C]Ala-bR by 2D dipolar and chemical shift (DIPSHIFT) correla-
tion techniques [397]. Dynamic feature of [1-13C]Pro-labeled bR to-
gether with the kinked structure has been investigated by 13C NMR
[398]. The contribution of Glu residues at the extracellular site to
the conformation and dynamics was extensively investigated by
examination of a variety of [3-13C]Ala- or [1-13C]Val- mutants,
E9Q, E74Q, E194Q/E204Q (2Glu), E9Q/E194Q/E204Q (3Glu), E9Q/
E74Q/E194Q/E204Q (4Glu) [399]. Significant dynamic changes
were induced for the triple- or quadruple mutants by acquisition
of global fluctuation motions with correlation times 10�4 or 10�5

s in the disorganized trimeric form. The dynamic aspects of the
extracellular loop region as a proton release pathway of bR were
studied by measuring a variety of relaxation times [400]. The 13C
and 15N T1 values of V199/P200 indicate that the long FG loop
has a fast fluctuation motion with a frequency of 108 Hz. However,
the 13C and 15N T2 values of V69/P70 indicate that the BC loop (con-
necting the B and C transmembrane a-helices) of bR is involved in
a rigid b-sheet structure in spite of possessing large amplitude
motions.

In contrast, it is noteworthy that several Ala Cb
13C NMR signals

arising from the surface areas (8.7 Å depth), including the most
downfield peaks in the loops (Ala 196,160 and 103) and the low-
field region of the transmembrane a helices (16–17 ppm) are al-
most completely or partially suppressed, respectively, when 2D
crystals were disrupted or disorganized as in W80L and W12L mu-
tants, caused by the absence of Trp 80 or 12 located at the key posi-
tions for specific lipid–helix interaction, leading to modified lipid–
helix and helix–helix interactions) [401], or monomer in regener-
ated lipid bilayers [402,403]. At the same time, the carbonyl 13C
NMR signals from the transmembrane a-helices and loops of
monomeric bR were also almost completely suppressed in prepa-
rations including [1-13C] Gly-, Ala-, Val-labeled bR because of fluc-
tuation motions with correlation times in the order of 10�4 s
[377,381,402].

15N spectral peaks of fully-hydrated [15N]Gly-bR obtained via
cross-polarization are suppressed at 293 K due to interference with
proton decoupling frequency, and also because of short values of T2

in the loops [403]. The motion of the transmembrane a-helices in
bR is strongly affected by the freezing of excess water at low tem-
peratures. It was shown that motions in the 10 ls correlation re-
gime may be functionally important for the photocycle of bR, and
protein–lipid interactions are motionally coupled in this dynamic
regime.

Pharaonis phoborhodopsin ppR (or sensory rhodopsin II) is also
a heptahelical transmembrane retinylidene protein, and active as a
sensor for negative phototaxis on binding with the cognate trans-
ducer pHtrII. It was demonstrated that the surface structure of ppR
near the E–F loop plays a dominant role to regulate membrane sur-
face dynamics when pPR is complexed with truncated pHtrII (1–
159) through direct interaction of the C-terminal a-helix in the for-
mer with the cytoplasmic a-helical region of the latter [404].
Assuming that the break of the hydrogen bonding between C and
G helices is a trigger of phototaxis signal, the D75N mutant of
ppR was used as a ‘‘quasi”-activated receptor [405]. Clear dynam-
ical changes of the C-terminal tip portion of the receptor (104–
105 Hz) were observed when the receptor bound to the transducer
and the complex changed to the ‘‘quasi”-signaling state. This can
be named as a ‘‘switch model” as shown in Fig. 33: the cytoplasmic
a-helix in the transducer interacts with the C-terminal helices of
the receptor, leading to the activation of the receptor. The interac-
tion site at the linker switches to the linker region of the paired
transducer. This formation of a paired transducer may further relay
the signals to phosphorylation cascade.

Interestingly, a preparation of non-crystalline green-absorbing
proteorhodopsin (GP) with higher lipid to protein ratio of 0.5:1
(w/w) gave well-resolved multi-dimensional solid-state NMR
spectra in samples with different patterns of reverse labeling
[406,407], even though 2D (liquid) crystalline preparation at a very
low lipid to protein ratio of �0.25 (w/w) was shown to be more
favorable for its solid-state NMR studies [380,408]. The assigned



Fig. 32. Suppressed or recovered intensities (SRI) plots for D85N mutant against pH. The peak intensities are either increased or decreased with increased pH, depending
upon the respective peaks, except for the peak V151, 167, 180 whose intensity is unchanged. Reproduced with permission from Saitô et al. [394]. Copyright 2010 Elsevier.
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peaks of 13C and 15N nuclei for 153 residues, with a particularly
high density in the transmembrane regions (�75% of residues),
based on 3D and 4D sequential chemical shift assignments permit-
ted a detailed examination of the secondary structure and dynam-
ics of GPR [407]. Experimental evidence of mobility was shown for
proteorhodopsin in the lipid environment at the protein’s termini
and of the A–B, C–D and F–G loops, the latter being possibly cou-
pled to the GPR ion-transporting function. Further, it appears that
use of high-field NMR (at 800 MHz for 1H) together with fast-MAS
might be a favorable procedure to minimize the number of 13C or
15N suppressed peaks caused by interference between the fre-
quency of fluctuation motions and MAS frequency occurring at
intermediate magnetic field (400 MHz for 1H) as observed for
reconstituted non-crystalline bR [381], leading to strong protein–
protein interactions [408].

Globular proteins. The signal intensities and linewidths of 13C
and 15N nuclei in 56 residues in b1 immunoglobulin binding do-
main of protein G (GB1) vary as a function of amino acid position
and temperature [409]. High-resolution spectra have been ob-
served near room temperature (280K) and at <180 K, whereas res-
olution and sensitivity greatly degrade near 210 K; the magnitude
of this effect is greatest among the side chains of residues at the
intermolecular interface of the microcrystal lattice, which can be
attributed to intermediate-rate translational diffusion of solvent
molecules near the glass transition.

Multidimensional SLF experiments have been used to study the
backbone and side chain conformational dynamics of ubiquitin, a
globular microcrystalline protein [410]. Molecular conformational
order parameters were obtained from heteronuclear dipolar cou-
plings, and they were correlated to assigned chemical shifts, to ob-
tain a global perspective on the sub-microsecond dynamics in
microcrystalline ubiquitin. A total of 38 Ca, 35 Cb and multiple side
chain unique order parameters were collected, and the high mobil-
ity of ubiquitin in the microcrystalline state is revealed. In general
the side chains show elevated motion in comparison with the
backbone sites. Two review articles on the structure and dynamics
of membrane-associated peptides [411] and protein dynamics
[412] have appeared.



Fig. 33. Schematic representation of the manner of interaction of the C-terminal a-
helical tip region in ppR (a) and D75N (b) with the transmembrane and cytoplasmic
a-helices of pHtrII (1–159). The helix–helix interactions between the cytoplasmic
a-helices are also presented. Elliptical dark gray areas and open areas show the
enhanced and weakened interaction parts, respectively. Reproduced with permis-
sion from Kawamura et al. [405].
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The averaging of 15NHa/b multiplet components by 1H decou-
pling induces effective relaxation of the 15N coherence when the
N–H spin pair undergoes significant motion. High resolution 15N
solid-state NMR spectra can then only be recorded by application
of TROSY type techniques which select the narrow component of
the multiplet pattern, as demonstrated for solid-state 15N spectra
of chicken a-spectrin SH3 domain [413]. It was speculated that this
averaging effect has been the major obstacle to successful NMR
spectroscopic characterization of many membrane proteins and
fibrillar aggregates examined so far.
4.3. 31P CSA of phospholipids in biomembranes

The 100% natural abundance, high gyromagnetic ratio, and the
presence of phosphorus-31 in the phosphate group of phospholip-
ids present in the biological cell membrane make this nucleous as
an excellent probe for NMR investigation of the structure and
dynamics of lipid bilayer model membranes, as well as for studies
of ligand–membrane interactions. As discussed below, the 31P CSA
is highly sensitive to hydration, temperature, the presence of ions,
and ligand–lipid interactions.
4.3.1. Unoriented lipid bilayers
Phospholipids in biomembranes of living cells are predomi-

nantly organized as a bilayer structure which provides a barrier be-
tween the cell interior and its environment. Membrane proteins
embedded therein mediate various functions such as transport of
appropriate molecules into or out of the cell, catalysis of chemical
reactions, receiving and transducing chemical signals from the cell
environment, etc. Proton-decoupled 31P NMR spectra of 1,2-
dipalmitoyl-sn-glycero-3- phosphocholine (DPPC), for instance, ex-
hibit quite different spectral patterns depending upon its water
content [414]. At 0 wt% H2O, a static phosphodiester moiety of this
phospholipid yields the 31P NMR powder pattern typical of axial
asymmetry, with the three principal components, d11, d22 and d33,
which span some 190 ppm, and which have almost identical values
for various phospholipids [415]. This spectrum collapses from the
axial asymmetric to an axial symmetric pattern, due to the onset
of molecular motion at a water content over 10 wt % H2O, when
the sample enters a micellar liquid crystalline state[414]. The mol-
ecules move within the micelles, which have a bilayer structure,
such that a symmetry axis is created perpendicular to the bilayer
surface, yielding an axially symmetric 31P NMR powder pattern,
consisting of a peak at the high field (d\) with a low field shoulder
(dk) ith Dd = jdk � d\j � 47 ppm [416]. Here, dk and d\are the peak-
positions corresponding to the components of the shift tensor par-
allel and perpendicular to the symmetry axis, respectively. The val-
ues of Dd or both saturated and unsaturated phosphatidylcholines
in the liquid crystalline state are very similar (in the range of 43–
47 ppm) and do not vary appreciably (65%) over the temperature
range investigated. The largest change in Dd rises on the addition
of an equimolecular concentration of cholesterol to 16:0/16:0-
phosphatidylcholine, for which Dd is decreased from about 45 to
36 ppm [416]. Thus, the 31P NMR powder patterns of all phospho-
lipids can be used as a characteristic feature of liquid crystalline li-
pid bilayers in addition to measure the orientation and average
fluctuation of the phosphate segment [417–419].

It is also noted that with the possible exception of phosphatic
acid [420], all glycerol-based phospholipids, as well as the most
abundant mammalian phosphoshingolipid and sphigomyelin, have
similar values of Dd, resulting in almost equivalent lineshapes for
these different species when in the liquid crystalline bilayer phase
[417]. At low temperature, however, the rotation is expected to
slow or cease (gel phase lipids) resulting in the axially asymmetric
pattern again, as seen in the temperature-dependent 31P NMR
spectra of DPPC, together with the simulated spectra described
by two diffusion coefficients Rk(fast motion) and R\(net slow mo-
tion) [421]. It is obvious that the spectral feature varies strongly
with the value of fast diffusion coefficient. For relatively small
membrane fragments (<10,000 Å), however, the rate of overall iso-
tropic diffusion is also important, leading to further averaging of
spectral components [422].

Biomembranes are thought to contain functional domains (lipid
rafts) made up in particular of sphingomyelin and cholesterol, gly-
colipids and certain proteins, as detergent-resistant membranes in
Triton X-100. They are discussed in terms of liquid-ordered (lo) and
-disordered (ld) bilayer and micellar phases [423]. Distinguishing
individual lipid headgroup mobility and phase transitions in raft-
forming lipid mixtures has been examined by using 31P CSA mea-
surements [423,424].
4.3.2. Oriented lipid bilayers
Revealing the secondary structure of 13C- or 15N-labeled pep-

tides or proteins embedded in lipid bilayers is feasible by careful
analysis of the orientational constraints of the dipolar interaction
or chemical shift anisotropies with respect to the applied magnetic
field via bilayer normal [425–428]. Three types of oriented lipid
bilayers have been increasingly utilized: (1) mechanically oriented
lipid bilayers obtained by shear between glass plates [429,430]; (2)
magnetically oriented bicelles consisting of lipid–detergent aggre-
gates [431–433]; (3) magnetically oriented large unilamellar vesi-
cles [434,435]. Aluminum oxide nanotubes have also been used for
oriented samples in solid-state NMR studies. The unique advantage
of this approach was recently utilized to identify the islet amyloid
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polypeptide (IAPP or amylin) induced membrane fragmentation by
solid-state NMR spectroscopy [436].

The sample preparation protocol for mechanically oriented
bilayers was improved to achieve a minimal dispersion of the bi-
layer normal and minimal amounts of unoriented sample, as
viewed from both the 31P CSA, which is very sensitive to such ori-
entation, and optical microscopy [437]. It was demonstrated that
adding sublimable solid such as naphthalene or para-dichloro ben-
zene to a lipid–peptide solution in CHCl3/CH2OH (1:1 molar ratio)
and its removal yielded significantly enhanced alignment of all
sorts of lipids, including palmitoyloleoylphosphatidylethanol-
amine (POPE) [438]. Optimizing the alignment of oriented lipid
samples has been achieved for bilayer and hexagonal phases on a
mica surface [439].

Bicelles are lipid–detergent aggregates of DMPC with certain
detergents [440,441], either short-chain phosphatidylcholine,
dihexanoyl-phosphatidylcholine (DHPC), or a zwitter ion bile salt
derivative, CHAPSO. The function of the short-chain molecules is
to coat the edges of the bilayered sections to protect the longer
phospholipid chains from exposure to water. Bicellar size varies
as a function of the molar ratio [DMPC]/[DHPC] (with a diameter
	10–100 nm). The anisotropy of the magnetic susceptibility Dv
of the bicelles when 2 < [DMPC]/[DHPC] < 6 leads to their align-
ment in the spectrometer magnetic field with the bilayer normal
orthogonal to the field [440,442]. The phospholipid bicelles posess
great potential as membrane mimetics for structural studies. The
addition of small amounts of paramagnetic ions change the sign
of Dv and as the effect of flipping the alignment of the phospholip-
ids bicelles, making NMR measurements possible for the two types
of orientations, parallel and perpendicular, to the magnetic field.
The presence of bulk water enables proper folding of membrane
proteins especially for the loops and C- or N-terminal regions ex-
posed to aqueous phase, even though major transmembrane heli-
cal regions are embedded within the lipid bilayers. Therefore,
these model membranes are considered to be highly valuable for
NMR studies. In addition, the variation of the lipid:detergent ratio
can be utilized to prepare near-isotropic to rigid bicelles for solu-
tion-like to solid-state-like NMR experiments [306].

A DMPC bilayer containing a moderately high concentration of
melittin (DMPC: melittin = 10:1 molar ratio) is subject to lysis
and fusion at temperatures lower and higher than the gel to liquid
crystalline phase transition temperature, Tc, respectively [434]. The
magnetically aligned, elongated vesicles are formed at a tempera-
ture above Tc as shown from 31P NMR and microscopic observation.
Opioid peptide dynorphin A (1–17) is also shown to strongly inter-
act with DMPC bilayer to cause fusion and lysis across the phase
transition temperature between the gel and liqid crystalline tem-
perature and results in subsequent magnetic ordering at a temper-
ature above Tc [435].

4.3.3. Polymorphism: non-bilayer lipids
Besides the bilayer, lamellar phase lipids can form other phases,

such as hexagonal H11 and cubic phases, depending upon the lipid
type and molecular shape, the presence of other lipid molecules,
water content, temperature, etc. [417,443–446]. If the lipid phase
changes from lamellar to hexagonal, the 31P CSA, Dd, changes its
sign and is reduced by exactly a factor of two [414,417,419]. The
cylinders in a hexagonal phase have a very small radius, and there-
fore lateral diffusion about the cylinder axis can cause further aver-
aging of tensor components.

Lipids assuming the hexagonal (H11) phase may be considered
to exhibit a ‘‘cone” shape, where the polar headgroup region is at
the smaller end of the cone [417]. Lysophospholipids to display
an ‘‘inverted cone” shape where the cross sectional area of the po-
lar group is larger than that subtended toward the end of the acyl
chain. This shape has been suggested as the reason why the 31P sig-
nal is that typical of an isotropic environment in these micellar
phases. Indeed, the smaller headgroup of phosphatidylethanolam-
ines as compared to phosphatidylcholine would be expected to re-
sult in a reduced area per molecule at the lipid–water interface,
thus producing a cone shaped molecule compatible with the H11

phase [417]. Alternatively, increased unsaturation in the acyl chain
region leads to a more pronounced cone shape, fully compatible
with the requirement for a minimal degree of unsaturation for
H11 phase phosphatidylethanolamine [447]. Further, increased
amplitude of the thermal motion of the acyl chains at elevated
temperature leads to a cone shape compatible with that H11 struc-
ture, as seen in both pure phosphatidylethanolamines [447] and
mixed lipid systems [448,449]. The ability of cholesterol to induce
H11 phase formation in certain mixed lipid systems [448,449] is
also consistent with a cone shape for cholesterol [450,451].

The integrity of membranes as bilayers is maintained by a bal-
ance of intermolecular forces in the acyl and headgroup regions of
lipids. The geometric packing properties of different lipids may be
conveniently expressed in terms of the dimensionless critical pack-
ing parameter [452,453],

f ¼ v=a0lc; ð66Þ

where v and l0 are their hydrocarbon volume and critical (or maxi-
mum) length that the chains can assume, respectively, and a0 is
their optimal surface area of the headgroup (minimum at a certain
head-group area). If f < 0.5 such lipids normally form micelles and
are entropically and energetically unlikely to form bilayers. If f > 1
such lipids cannot even pack into bilayers since their headgroup
area is too small; instead, they form inverted micellar structures.
If 0.5 < f <1 these lipids are packed into bilayers. Support for this
shape concept of lipid structure was shown to depend on the effects
of lipid packing [454], additivity of the packing parameter [455],
and headgroup volume [456,457].

The phase behavior is largely the result of a delicate balance of
forces in the headgroup and acyl-chain regions. Mismatches in
packing in either region induce a tendency toward membrane cur-
vature which is offset by similar changes in the apposed leaflet in
lipids; consequently, the curvature is not expressed (frustrated
curvature stress), but is stored as potential energy with a latent
ability to destabilize the bilayer structure [458]. The frustration
of lipid layer curvature is measured calorimetrically [459] or
shown to reflect in the acyl chain order measured by 2H NMR in
the La phase [460]. In the latter, for a given temperature, increased
order is observed when the curling tendencies of the lipid plane are
more pronounced. The effects of membrane constituents, such as
drugs, detergent or hydrocarbons on the La ? H11 transition tem-
perature, TH, were examined to provide a quantitative, widely
applicable, index of the ability of membrane constituents to induce
curvature stress in model bilayers [458,461–463]. The phase tran-
sition can be conveniently monitored by recording 31P chemical
shift spectra as illustrated in Fig. 34 [461]. It was shown that n-
dodecane induces the formation of the reversed hexagonal (H11)
phase of dioleylphosphatidylcholine (DOPC)-n-dodecane–H2O sys-
tem at low and high water concentrations, and a cubic phase (giv-
ing rise to an isotropic 31P NMR peak) at low water content [464].
The translational diffusion coefficient of DOPC in the cubic phase is
more than an order of magnitude smaller than the lateral diffusion
coefficient of DOPC in an oriented lipid bilayer which can be attrib-
uted to restricted lipid translational motion caused by closed lipid
aggregates [465]. A membrane-mimicking system consisting of a
lipid cubic phase containing a membrane protein which allowed
the formation of three-dimensional protein crystals amenable to
X-ray crystallography has been reported [466,467].

Membrane fusion, in which two separate membranes merge
into a single bilayer is mediated by certain lipids or proteins, and
is involved in various biological processes such as fertilization,



Fig. 34. 31P NMR spectra recorded at 81.0 MHz of egg phosphatidylethanolamine at
the indicated temperatures. (a) in the absence of alcohol, (b) in the presence of
ethanol (ethanol to phospholipid molar ratio = 4.5), (c) in the presence of decanol
(decanol to phospholipid molar ratio = 0.45) Reproduced with permission from
Hornby and Cullils [461]. Copyright 1981 Elsevier.

Fig. 35. Experimental and simulated 161.979 MHz 31P-chemical shift spectra of
POPC bilayers containing 10% MSI-78. (a) Parallel orientation, (b) perpendicular
orientation. The best-fitting simulations combined lipids in toroidal pores (73%) in
an HI phase (27%). The spectral parameters for the simulation of the toroidal pore
component: rk = 26ppm,r\ = �15 ppm, 2 ppm linebroadening; for the HI phase
component, rk = �15 ppm, r\ = 5.3 ppm, and 1.5 ppm line broadening. The exper-
iments were performed at 30 �C. Reproduced with permission from Hallock et al.
[483].
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endo- or exocytosis, viral infection, etc. Fusion of erythrocyte
ghosts was shown to proceed through formation of H11 phase, in
the presence of oleic acid as ‘‘fusogenic” agent, by changes in the
31P NMR spectra change [454]. The fact that many lipid species
can adopt or induce such bilayer destabilization suggested that this
may be a general mechanism of fusion in in vivo [417]. Segments of
viral fusion proteins play an important role in viral fusion where
viral infection proceeds with aid of fusion proteins [468]. A com-
mon property of a number of fusion peptides is that they lower
the bilayer to hexagonal phase transition temperature (TH) of phos-
phatidylethanolamine, indicating that they promote negative cur-
vature [469]. This property is well correlated with conditions
that lead to membrane fusion. For example, the fusion peptide
from influenza virus lowers TH at acidic pH where the virus is fus-
ogenic, but not at neutral pH where the rate of fusion is slow [470].
There is also a correlation between the fusion activity of viral mu-
tants and the ability to lower TH of the influenza virus [471]. The
promotion of negative curvature by fusion peptides is in accord
with the requirement to increase the negative curvature of the
contacting monolayers to form the hemifusion intermediate
[472,473].

4.3.4. Lipid–protein or peptide interactions
Even though biomembranes are predominantly arranged as

bilayers, some lipid components of biomembranes spontaneously
form non-lamellar phase of inverted hexagonal as well as cubic
phases [469,474,475]. In addition, proteins and peptides can influ-
ence the tendency of lipids to form bilayer or non-lamellar forms.
Indeed, a possible role of rhodopsin in maintaining bilayer struc-
ture has been demonstrated: the 31P NMR spectra of extracted lip-
ids from rhodopsin are characteristic of the hexagonal H11 phase
and an isotropic phase, although the lipids in the photo-receptor
membrane are almost exclusively organized in a bilayer [476].
The integral membrane protein, cytochrome c oxidase, has a stabil-
ization effect on the bilayer organization of cardiolipin, in that it
inhibits the formation of the Ca2+-induced, H11 phase of this lipid
for Ca2+/cardiolipin molar ratios of 1–10 [477]. Further, it is inter-
esting to note that hydrophobic mismatch in length between the
hydrophobic part of membrane spanning proteins and the hydro-
phobic bilayer thickness affects both lipid and protein sides, either
phase transition temperature or formation of non-lamellar phases
for the former, or protein activity and stability, protein aggrega-
tion, tilt, localization at membrane surface, protein/peptide back-
bone conformation, etc for the latter [474,475]. For instance,
gramicidin A is able to convert the stable bilayer form of diol-
eoylphosphatidylcholine (DOPC) into an H11 phase at high concen-
tration [478]. The localization of the a-helical peptides in the H11

phase was proposed to be similar to that for gramicidin [479].
When a 17 amino acid residue long peptide (WALP17) was incor-
porated in a 1/10 molar ratio of peptide to diacylphosphatidylcho-
line, a bilayer was maintained in saturated phospholipids
containing acyl chains of 12 and 14 C atoms, an isotropic phase
was formed at 16 C atoms, and an inverted hexagonal phase at
18 and 20 C atoms. Further, it is proposed that this ability of the
peptides to induce non-bilayer structures in phosphatidylcholine
model membranes is due to the presence of tryptophans at both
sides of the membrane/water interface, which prevent the peptide
from aggregation when the mismatch is increased.

Lipid modulation of protein activity is also a very interesting is-
sue: the activity of protein kinase C (PKC), when bound to mem-
branes in a cubic phase prepared from monoolein with 1-
palmitoyl-2-oleoyl-3-phosphatidylserine (MO/PS) or dielaidoyl-
phosphatidylethanolamine/alamethicin (EEPE/alamethicin), has a
higher specific activity than that bound to vesicle bilayers [480].
It was proposed that there being little or no curvature strain in
the cubic phase might be responsible for the activation of PKC, in
addition to its physiological relevance due to the apparent pres-
ence of the cubic phase in certain biological structures. The photo-
chemical process of rhodopsin in membrane is coupled with a
conformational change associated with the conversion of metarho-
dopsin I (MI) to metharhodopsin II (MII). This transition is favored
in membrane by relatively small headgroup of the lipid which pro-
duce a condensed bilayer surface of a comparatively small interfa-
cial areas as in the case of phosphatidylethanolamine (PE), giving
rise to a curvature stress of the lipid/water interface of the reverse
hexagonal H11 phase at slightly higher temperature [481].

Any peptide that greatly changes the spontaneous monolayer
curvature of a stable bilayer will promote vesicle leakage: peptides
which promote either positive or negative curvature can be hemo-
lytic [469]. In particular, the antimicrobial peptide, magainin, can
induce the formation of pores in phospholipid bilayers with a high
curvature [482]. 31P NMR spectra of mechanically aligned bilayers
containing the amphipathic, helical peptide MSI-78, an analogue of
magainin, in 1-palmitoyl-2-oleoyl-phosphtidylcholine (POPC),
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have been recorded to reveal its cell membrane permeation mech-
anism [483]. In POPC bilayer, unusual 31P NMR spectra were ob-
tained from mechanically aligned samples containing 1-5%
peptide, consistent with the formation of toroidal pores similar
to the pores formed by magainin2. The toroidal pore geometry
was characterized using 31P NMR experiments. Similar studies
have recently been extended to other bilayers containing antimi-
crobial peptides [484]. At a higher concentration (>10 mol% pep-
tide), the formation of a peptide-induced H1 phase (27%) was
observed besides toroidal pore (73%) in POPC bilayer, from the
experimental and simulated spectra as seen in Fig. 35a and b, cor-
responding to the parallel and perpendicular orientations,
respectively.

Secondary structure and alignment of lysine-anchored hydro-
phobic model peptides in phosphatidylcholine have been exam-
ined as a function of hydrophobic mismatch [485]. When the
helix is much longer than the width of the membrane, both the li-
pid and the peptide order are perturbed, while sequences that are
much shorter show little effect on the phospholipid headgroup or-
der, but the peptides exhibit a wide range of orientational distribu-
tions but which are predominantly close to being parallel to the
membrane surface. The influence of an antimicrobial peptide, pro-
tegrin-1 (PG-1), on the curvature and lateral diffusion coefficient of
phosphocholine bilayers has been investigated using 1D and 2D 31P
exchange NMR [486]. PG-1 maintains the structural integrity of the
dilaurylphosphatidylcholine (DLPC) bilayer and only reduces the
lateral diffusion coefficient due to its binding. In contrast, PG-1
fragments the POPC vesicles, reducing the vesicle radius by about
a factor of 3. Simulations of the 2D exchange spectra yielded quan-
titative reorientation-angle distributions that are consistent with
the bimodal distributions of the vesicle curvature and the effects
of the peptide on the two types of lipid bilayers. The membrane
lysing mechanism of the carboxy-amide of pardaxin (Pla), of a
33-amino-acid residues, on bilayers of various composition was
also studied by 31P NMR [487]. It was shown that Pla significantly
disrupts bilayers composed of only zwitterionic lipids, particularly
bilayers composed of POPC. P1a also reduces the lamellar to hexag-
onal phase-transition temperature TH very low concentrations
(1:50,000), which is interpreted as the formation of a cubic phase
and not micellization of the membrane.

RTD-1 from rhesus macaque leukocytes is an 18-residue cyclic
peptide taking a b-hairpin structure, and exhibiting broad-spec-
trum antimicrobial activity. It was shown to cause moderate orien-
tational disorder when incorporated into PC bilayers, independent
of the bilayer thickness, suggesting that this peptide binds to the
surface of PC bilayers without perturbing the hydrophobic core
[488].

Amyloid b-peptide (Ab) is a major component of plaques in Alz-
heimer’s disease, and formation of senile plaques has been sug-
gested to originate from regions of neuronal membrane rich in
gangliosides. In this connection, it was demonstrated that Ab (1–
40) strongly perturbs the bilayer structure of mechanically ori-
ented dimyristoylphosphatidylcholine (DMPC), leading to three li-
pid phases, namely a lamellar phase, a hexagonal phase and non-
oriented lipids in the DMPC/Ab and DMPC/GM1/Ab systems
[489]. The latter two phases are induced by the presence of the
Ab peptide, and facilitated by GM1.
5. Concluding remarks

In the present article, we have covered experimental and theo-
retical aspects of the complete set of chemical shifts for peptides
and proteins. They include isotropic (diso) and anisotropic (d11, d22

and d33) shifts and the asymmetric factor (g), which are undoubt-
edly some of the most important NMR parameters for characteriza-
tion of a given molecular system, including structural and
dynamical characterization. The isotropic shifts alone occur in
solution NMR, leaving the others as hidden parameters. Currently,
however, a knowledge of the CSA parameters is becoming increas-
ingly important for solution NMR studies of larger proteins at high-
er magnetic field strength, where such parameters allow one for
optimized experimental conditions. In the present article, we have
covered a wide range of topics both in the solid-state and solution
NMR, reported over a rather a long time-span from 1960 to pres-
ent, and dealing with problems associated with measuring and
interpreting the isotropic and chemical shifts. We feel that the
interpretation of the CSA data is still undeveloped as compared
to the data of isotropic chemical shifts, which has achieved greater
success for application to various problems. NMR studies involving
the measurement and utilization of CSA parameters are increas-
ingly being used to tackle greater challenging biological problems
related to protein–protein complexes and other biopolymers like
DNA and RNA. We believe that the development such as use of
higher magnetic field spectrometers and ultrafast spinning MAS
probes will continue to broaden the scope of application of chem-
ical shift parameters.
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